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Driving a quantum system periodically in time can profoundly alter its long-time dynamics and trigger
topological order. Such schemes are particularly promising for generating nontrivial energy bands and
gauge structures in quantum-matter systems. Here, we develop a general formalism that captures the
essential features ruling the dynamics: the effective Hamiltonian, but also the effects related to the initial
phase of the modulation and the micromotion. This framework allows for the identification of driving
schemes, based on general N-step modulations, which lead to configurations relevant for quantum
simulation. In particular, we explore methods to generate synthetic spin-orbit couplings and magnetic fields

in cold-atom setups.
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I. INTRODUCTION

Realizing novel states of matter using controllable
quantum systems constitutes a common interest that con-
nects various fields of condensed-matter physics. Two main
routes are currently investigated to reach this goal. The first
method consists in fabricating materials [1,2], or artificial
materials [3—10], which present intrinsic effects that poten-
tially give rise to interesting phases of matter. For instance,
one can create topological insulating materials, which
present large intrinsic spin-orbit couplings [1]. The second
method, which is now commonly considered in the field
of quantum simulation, consists in driving a system
using external fields [11-13] or mechanical deformations
[4,14] to generate synthetic, or effective, gauge structures.
Formally, these driven-induced gauge fields enter an
effective Hamiltonian that captures the essential character-
istics of the modulated system. This strategy exploits the
fact that modulation schemes can be tailored in such a way
that effective Hamiltonians reproduce the Hamiltonians
of interesting static systems. Furthermore, the versatility of
driving schemes might enable one to explore situations that
remain unreachable in static fabricated systems.

In this context, several works have proposed methods to
engineer effective magnetic fields or spin-orbit coupling
based on driven cold-atom or ion-trap systems [15-29].
Recently, these proposals led to the realization of the
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Hofstadter model (i.e., a lattice system penetrated by a
uniform magnetic field [30]), using “shaken” optical
lattices [31-34], and to frustrated magnetism, using tri-
angular optical lattices [35,36]. Modulating a honeycomb
optical lattice [37] also led to the experimental realization
of the Haldane model [38]. Besides, artificial magnetic
fields have been created in strained graphene [14]. Another
field of research focuses on the possibility to create
“Floquet topological insulating states” by subjecting trivial
insulators or semimetals (e.g., semiconductors or graphene)
to external electromagnetic radiation [39-46]. This strategy
has been generalized for superfluids, where “Floquet
Majorana fermions” could be created by driving super-
conducting systems [47-51]. The topological invariants
(i.e., winding numbers) and the edge-state structures proper
to driven systems were analyzed in Refs. [52—58]. Finally,
we note that time-periodic modulations can also be simu-
lated in photonics crystals, where time is replaced by a
spatial direction [6]; such photonics systems have been
fabricated recently [8] with a view to observing the
anomalous quantum Hall effect [38], through the imaging
of the related topological edge states.

In this work, we develop and explore a general framework
that describes periodically driven quantum systems and that
generalizes the formalism introduced by Rahav ef al in
Ref. [59]. In contrast with the standard Floquet analysis
[60,61] or the effective Hamiltonian method presented by
Avan et al. in Ref. [62], the present method clearly isolates
and identifies the three main characteristics of modulated
systems: (1) the effective Hamiltonian underlying the long-
time dynamics, (2) the micromotion, and (3) the effects
associated with the initial phase of the modulation. These
distinct effects will be largely illustrated in this work, based
on different examples relevant for the quantum simulation of
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gauge structures, e.g., magnetic fields and spin-orbit cou-
plings. Moreover, this work provides general formulas and
methods that can be easily exploited to identify wide
families of promising driving schemes.

Before presenting the outline of the paper (Sec. I C), we
briefly summarize some important notions related to driven
quantum systems, based on basic illustrative examples.

A. Effective Hamiltonians and the micromotion:
Two simple illustrations

We start the discussion by presenting two very simple
situations that illustrate in a minimal manner the basic
notions and effects encountered in the following.

1. The Paul trap

This first illustrative and basic example consists in a
particle moving in a modulated harmonic trap [63]. The
Hamiltonian is taken in the form

N . N pr 1
H(t) = Hy+ Vcos(wt) = g—m + Emw%fcz cos(wt), (1)

where w = 27/ T (respectively, @) denotes the modulation
(respectively, harmonic-trap) frequency. The evolution
operator after one period of the modulation is evaluated
in Appendix A, and it reads
U(T) = exp(—iTH.), H.~ Hy + %szfcz, (2)
expressing the fact that the particle effectively moves in a
harmonic trap with frequency Q = w3/ v2w. An additional
insight is provided by a classical treatment, in which one
partitions the motion x(¢) = X(¢) + &£(¢) into a slow and a
fast (micromotion) component. As shown in Appendix A,
this analysis shows that the effective harmonic potential with

frequency Q that rules the slow motion X(¢) is equal to the
average kinetic energy associated with the micromotion:

1 |

—mQ2%% = —m(&), 3
MR = m() ()
where the angled brackets denote the average over one
period. This classical result illustrates the important role
played by the micromotion in modulated systems.

2. The modulated optical lattice

As a second example, we consider a modulated 1D
lattice, treated in the single-band tight-binding approxima-
tion [64—68]. The Hamiltonian is taken in the form (see
Appendix B)

A A

H(t) = Hy + kcos(wt)V, V=) jaja; =% (4)

where I:IO describes the nearest-neighbor hopping on the

lattice, the operator &; creates a particle at lattice site

x = ja, and a is the lattice spacing. The effective
Hamiltonian describing the slow motion of a particle
moving on the modulated lattice can be derived exactly
(see Appendix B), yielding the well-known renormalization
of the hopping rate by a Bessel function of the first kind

2

Hey = Jo(x/w)Ho ~ (1—K—+"')ﬁlo- (5)

4w?

This effect has been observed experimentally with cold
atoms in optical lattices [65,67].

The micromotion also plays an important role in this
second example, where it is associated with large oscil-
lations in quasimomentum space. Indeed, within the single-
band approximation, a significant modification of the
tunneling rate is found when the micromotion oscillation
is comparable to the width of the Brillouin zone.

We point out that the Paul trap and the modulated lattice
share similar structures (see also Appendixes A and B):
Both systems are driven by a modulation of the form
Hy+ Vcos(wt), and their effective Hamiltonians both
contain a nontrivial term that is second order in the period
T. In the present case of the modulated lattice, the term
proportional to (k/w)? is the first nontrivial term of an
infinite series, which can be truncated for «x/w < 1;
see Eq. (5).

B. The two-step modulation and the ambiguity
inherent to the Trotter approach

Motivated by the two simple examples described above,
we consider a general quantum system described by a static
Hamiltonian H,,, which is periodically driven by a repeated
two-step sequence of the form

vy {Ho+V.Hy—V}, (6)

where V is some operator. For simplicity, we suppose that
the duration of each step is 7/2, where T = 2z/w is the
period of the driving sequence y. Thus, the square-wave
sequence y is qualitatively equivalent to the smooth driving
Hy + Vcos(wt) encountered in the two examples dis-
cussed above.

In the following, the energy Aw will be considered to be
very large compared to all the energies present in the
problem, justifying a perturbative treatment in (1/w). The
small dimensionless quantity associated with this expan-
sion Q¢ /@ will be made explicit for the various physical
problems encountered in the following sections. Typically,
Q. will be identified with the cyclotron frequency in the
case of synthetic magnetism (see Sec. VI) or with the spin-
orbit-coupling strength (see Sec. VII); see also Sec. VIII A.

Starting in an initial state |y) at time #; = 0, the state at
time t = NT (N € N) is obtained through the evolution
operator
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U(l _ NT)|W0> _ (efiT(IzlofV)/ZefiT(I:IOJrV)/Z)N‘l//0>’

_NTHT
— ¢ INTH 1//0>’ (7)
where we introduce a time-independent effective
Hamiltonian
0(T) _ e—iTH;fff _ e—iT(I:IO—V)/2e—iT(f10+\7)/2' (8)

The product of two exponentials can be simplified through
the Baker-Campbell-Hausdorff (BCH) formula, hereafter
referred to as the Trotter expansion:

e’ —exp( X+ V43K H+ XK T+ o).
9)

yielding a simple expression for the effective “Trotter”
Hamiltonian

N N T~ .
HL = H, - i [Hy, V] +O(T?). (10)

Importantly, the sign in front of the first-order term depends
on the starting pulse (Hy + V or Hy— V) of the driving
sequence (6) or, equivalently, on the definition of the
starting time ¢;: Indeed, shifting the starting time ¢, —
t;+(T/2) leads to the opposite term +i(7T/4)[H,, V].
Thus, the first-order term arising from the Trotter expansion
is sensitive to the initial phase wt; of the driving. We
emphasize that the sign ambiguity is different from the
phase of the micromotion sampling, which will be illus-
trated later in this work. Furthermore, we note that the first-
order term in Eq. (10) can be eliminated by a unitary
transformation

HL =STHS +O(T?),  §=¢TV/4, (11)
indicating its trivial role in the effective Hamiltonian.
Indeed, the long-time behavior of the system described
by Eq. (7) can be expressed as

U(1 = NT)|yo) = =N |yp)
= §7(e=™NTH0)Slyro) + O(T?),  (12)

which indicates that the system first undergoes an initial
kick § = e~ (T/4V (when the sequence y is applied in this
order), then evolves “freely” for a long time t = N7, and
finally undergoes a final sudden kick (i.e., a micromotion).
From Eq. (11), we conclude that the first-order term in
Eq. (10) cannot be exploited to modify the band structure of
H, or, equivalently, to generate nontrivial gauge structures
(e.g., effective magnetic fields or spin-orbit couplings).
This observation is in agreement with the effective
Hamiltonians obtained for the Paul trap (2) and the
modulated lattice (5), where the first nontrivial terms are

found to be second order in the period T'; see Secs. [ A 1
and T A 2.

C. Outline of the paper

The rest of the main article is structured as follows.
Section II presents the general formalism used to treat time-
dependent Hamiltonians. The method is then applied to the
simple two-step modulation introduced in Eq. (6).
Section III illustrates the impact of the initial phase of
the modulation on long-time dynamics, based on a simple
example. This section highlights the importance of the
“kick” operator K(f) introduced in Sec. I Section IV
derives useful formulas for the effective Hamiltonian and
kick operators in the general case of N-step modulations
(N € Z). Section V explores two specific classes of
modulations, characterized by N =4 different steps.
Section VI applies the latter results to a modulation
generating an effective magnetic field in two-dimensional
systems. This sequence is explored both in the absence and
in the presence of a lattice. Section VII proposes and
explores several driving sequences realizing effective spin-
orbit couplings in two-dimensional spin-1/2 systems.
These sequences are also analyzed in the absence and in
the presence of a lattice. Section VIII is dedicated to general
discussions and conclusions. This final part analyzes the
convergence of the perturbative approach introduced in
Sec. II. It also briefly discusses the possibility to launch the
modulation adiabatically. Finally, we present concluding
remarks and outlooks.

II. THE NOTION OF EFFECTIVE
HAMILTONIANS: USING A
RELIABLE APPROACH

A. The formalism

Having identified the subtleties proper to the analysis
based on the BCH Trotter formula in Sec. IB, we now
consider an alternative approach inspired by Ref. [59]. Let
us first rephrase the general problem based on our previous
analysis. We act on an initial state |y) with a time-periodic
Hamiltonian

H(t) = Hy+ V(1), (13)

Y0 giion 4 /(=) g-ijor. (14)

s

V(t) =

J

between times ¢; and ;, the period of the driving being
T =2r/w. In Eq. (14), we explicitly Fourier expand the
time-dependent potential, to take higher harmonics into
account. There are three distinct notions: (1) the initial
phase of the Hamiltonian at time #; (i.e., wt; mod 2x): The
way the driving starts, namely, V(z;), may have an
important impact on the dynamics; (2) the evolution of
the system between the interval Ar = tp— 1t which can be
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arbitrarily long, and during which the Hamiltonian A (t) is
applied; and (3) the final phase of the Hamiltonian at time
t; (i.e., wty modulo 2x): This final step describes the
micromotion. These concepts were illustrated in Eq. (12)
for the simple two-step sequence (6) presented in Sec. I B.
In order to separate these three effects in a clear manner, we
generalize the approach of Ref. [59] and reexpress the
evolution operator as

O(t; > 1) = U (1g)e~ Bl (1,),

—iK(ty) g=i(ty=t;) Her piK (1; 2 (15)

=e e
where we 1mpose that (i) H.; is a time-independent
operator, (ii) K(t) is a time-periodic operator K (t+T)=
K(t (1) with zero average over one period, and (iii) H 5 does
not depend on the starting time ¢;, which can be realized by
transferring all undesired terms into the kick operator K (t;).
Similarly, H.g does not depend on the final time Iy

Following a perturbative expansion in powers of (1/w),
we obtain (see Appendix C)

[N ISP
Heff—H()_FEZ}{VU)yV(_j)] (16)
=
1 | NN N N
— ©) (=) (=) ©)
g0 2 0.,V 909, 70)
+0O(T?),

—Z—V eliot 4 O(T?). (17)
J#O

In Eq. (16), we have omitted the second-order terms that
mix different harmonics, noting that these terms do not
contribute in the situations presented in this work; the
complete second-order terms contained in H and K (1) are
presented in Appendix C; see Egs. (C10) and (C11). By
construction, and in contrast to the Trotter approach, the
expressions (16) and (17) constitute a strong basis to
evaluate the relevance of periodic driving schemes in view
of realizing nontrivial and robust effects, such as nonzero
effective magnetic fields.

We conclude this section by pointing out that effective
Hamiltonians can also be obtained through Floquet theory
[60]. However, as is apparent in Refs. [60,61], there is
a priori no natural constraint within Floquet theory that
prevents the “Floquet” effective Hamiltonians to contain
t;-dependent terms. A possible way to get rid of these terms
in Floquet theory is to consider an adiabatic launching of
the driving [66,67], such that the evolving state is con-
strained to remain in the same (principal) quasienergy
multiplicity at all times (the multiplicity being well sep-
arated by the large energy 7Zw). However, for the sake of
generality and clarity, we will follow here the approach

based on the partitionment (15) discussed in this section,
which provides an unambiguous and physically relevant
definition for the effective Hamiltonian. Finally, we point
out that the convergence of the perturbative expansion in
powers of (1/w) and leading to Eq. (16) is by no means
guaranteed, as will be discussed later in Sec. VIII A.

B. Illustration of the formalism: Back to the
two-step sequence

As a first illustration, let us apply the expressions (16)
and (17) to the simple two-step sequence in Eq. (6). The
Hamiltonian is given by A(t) = H, + f(¢)V, where f(t) is
the standard square-wave function. Expanding f(7) into its
Fourier components, we obtain a simple expression for the
yu) operators introduced in Eqgs. (13) and (14). A direct
evaluation of Egs. (16) and (17) then implies (see
Appendix D)

7‘[2

He = H0+24 5

V. fo]. V] + O(1/e?),  (18)

. o . TT
K(t) = —— 1/w?) fi -, =
(1) 2wV+|t|V—|—O( Jw*) orte[ 5 2],

(19)

such that the evolution operator is given by [Eq. (15)]
U(O 1) = e—if((r)e—it[ﬁ0+0(l/w2)]e—iT\7/4’ (20)

in agreement with Eq. (12). Note that the amplitude of the
initial kick K(#;) is maximal at the initial time #; = 0 and
that it is O at time ¢; = T//4. In contrast with the Trotter
analysis, the approach based on the partitionment (15)
directly identifies (a) the absence of a first-order term in the
effective Hamiltonian H g, (b) the initial kick produced
by the operator S = exp[zK(O)} = exp(—iTV/4), and
(c) the micromotion exp[—iK(#)]. We note that since the
latter operator satisfies exp[—if( (NT)] = exp[(—ik(0)]
=exp(iTV/4) = 8%, we exactly recover Eq. (12) for
t=NT.

The result in Eq. (18), which is associated with the
two-step sequence (6), is to be compared with the smooth
driving considered in Secs. [A 1 and T A 2:

H(t) = Hy + V(1) = Hy + V cos(wr),
which is readily treated using Eq. (16). Setting V(1) =
VD = V/2 yields

A

Har = By + [V B0 7]+ O(1/0?).  (21)

4o

K(1) = [sin(wt)/w]V + O(1/0?), (22)
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which is indeed qualitatively equivalent to Egs. (18)
and (19).

We now apply the formalism to the two examples
presented in Secs. [A 1 and T A 2.

(a) The Paul trap.—We readily recover the effective
Hamiltonian in Eq. (2) by inserting the operators defined in
Eq. (1) into Eq. (21). Furthermore, Eq. (22) provides an
approximate expression for the micromotion underlying the
slow motion in the Paul trap. (See also Appendix A for
more details.)

(b) The modulated lattice—Inserting the operators
defined in Eq. (4) into Eqgs. (21) and (22) yields

2
Hy = (1 4K >ﬁ0+0(1/w3),

402
K(t) = (k/w)i sin(wf) + O(1/0?), (23)

where we indeed recover the first terms of the Bessel
function expansion in Eq. (5). We note that the maximal
amplitude of the kick associated with the micromotion is
given by exp[—ik(T/4)] = exp[—i(x/w)i], which corre-
sponds to a translation in the Brillouin zone by an amount
Ak = k/w. We thus recover the fact that the modification of
the hopping rate becomes appreciable when the micro-
motion is comparable to the width of the Brillouin zone
Ak ~ z: Indeed, Jo[(k/@) = z] & —1/3 is very close to the
minimal value of the Bessel function and thus corresponds
to a dramatic change in the tunneling rate. [The maximal
value of the Bessel function is Jy(0) = 1, which corre-
sponds to the standard hopping rate in the absence of
shaking.]

The result in Eq. (23) stems from the perturbative
expansion in powers of (1/w). However, the formalism
presented in Sec. IT A also allows for an exact treatment of
the modulated-lattice problem. The full derivation is given
in Appendix E, where we recover the Bessel-renormalized-
hopping result of Eq. (5). Moreover, this derivation
provides an exact form for the kick operator; see
Eq. (E10). The latter expression indicates that the maximal
amplitude of the kick operator is given by K = 3/,
which is precisely the result discussed above based on the
perturbative treatment.

III. LAUNCHING THE DRIVING: ILLUSTRATION
OF THE INITIAL KICK

In the last section, we introduced the partitionment of the
evolution operator

U(tl — l’) — e_iKO)e_i(t_ti)Ifleffeik<li), (24)

which highlights the fact that the system undergoes an
initial kick exp[iK(t;)] before evolving according to the
(time-independent) effective Hamiltonian. This initial kick
depends on the launching time of the sequence ¢;, through

Eq. (17), and it can have a great impact on long-time
dynamics. It is the aim of this section to illustrate this effect,
based on a basic but enlightening example.

Consider a particle driven by a uniform force that alter-
nates its sign in a pulsed manner: +F, —F, .... This system
obeys the two-step sequence in Eq. (6) with Hy = p?/2m
and V = —F3. The effective Hamiltonian and kick operators
are readily obtained through Eqgs. (18) and (19), yielding

H. = p?/2m + cst, (25)

TT
272

(26)

K(t) = (FT/8)% — |t|F3 + O(1/0?) fort e

The initial-kick operator is K(z;) = FT /4 for t; = 0, and
K(t;) = —&FT/4 for t; = T/2, and its effect is thus to
modify the initial mean velocity v(¢;) — v(t;) £ FT/4m
before the long-time free evolution. We emphasize that the
initial-kick operator is 0 when starting the sequence at
time t; = £7/4.

Further insight is provided by exactly computing the
evolution operator, at time ¢t = T

2m

U(T) = exp {—iT (i [P+ A(t)]* + cst)]
= exp|—iTH . (t;)].

where the gauge potential is given by A(t;) = £FT/4,
whether the starting time is #; = 0 or ¢; = T/2, respectively.
We note that the effective Hamiltonian H,g(1;) is related
to the 7;-independent effective Hamiltonian H . in Eq. (25)
through the unitary (gauge) transformation involving
the kick operator exp[iK(0)] = exp[i.AX], in agreement
with Eq. (24).

Treating the basic mechanics problem associated with
H(1;) semiclassically, we recover that the initial kick
modifies the initial velocity »(z;) — v(t;) + .A/m. Hence,
for an arbitrary v(z;), the position of the particle x(# > T')
will significantly depend on whether the pulse sequence
has started with a pulse +V [t; =0]or -V [t; = T/2]: The
dynamics is strongly sensitive to the initial phase of
the modulation. In Fig. 1, we compare these predictions
to the real (classical) dynamics of the pulse-driven particle.
This figure illustrates the sensitivity to the initial phase of
the driving but also the effects of micromotion present at all
times for all configurations.

In general, the effects related to the initial phase of the
modulation may remain important in more sophisticated
driven systems. The sensitivity to the initial phase will be
further illustrated in the context of driven-induced Rashba
spin-orbit couplings in Sec. VII (see Fig. 5).
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1000

x(t) 0

-1000
0 100 200
t

FIG. 1. Sensitivity to the initial phase of the driving. The brown
curve represents the classical dynamics of a particle driven by a
repeating pulse sequence {+F,—F}, where F > 0 is a uniform
force; the periodis T = 20, and the particle is initially atrest v(z;) =
Oatx(t;) = 0. The red curve is the same but considers the sequence
{—F,+F}, i.e., shifts the starting time #; - t; + T/2. The blue
curve is also the same but starts the sequence with —F during a time
T /4 and thenrepeats the sequence {+F, —F },i.e., shifts the starting
time; — t; — T//4. Note that the initial kick K (#;) is inhibited in the
latter case, while it is opposite in the two former cases [Eq. (26)]. In
all the plots, the particle depicts a small micromotion, captured by
K (1) in Eq. (26). The brown and red curves highlight the great
sensitivity to the initial phase of the modulation.

IV. MULTISTEP SEQUENCES

Going beyond the two-step driving sequence in Eq. (6)
potentially increases the possibility to engineer interesting
effective Hamiltonians and gauge structures. We now
derive the effective Hamiltonian for the general situation
where the pulse sequence is characterized by the repeated
N-step sequence

YN = {FIO + VI,HO + ‘}\/27[,\{0 + ‘73, ...,FIO + VN}’ (27)
where the V,,’s are arbitrary operators. In the following,
we consider that the duration of each step is 7 = T/N,

where T is the driving period, and we further impose that
|

Heff_HO+ Z Cmnf/ ‘7
m<n 2
71.'2 N
+6N4a)2 Z
m<n=2
A 2 o . )

where C,, ,

Dm,n([[VIrHHO]v ‘A/n] + [[VWHO]’ ‘A/m

Vi Vo Va Ve W Vi Vo Vg

0T/N T t

FIG. 2. Schematic representation of the general N-step driving
sequence yy introduced in Eqs. (27) and (28), where H (1) =
H o+ V(I)

SN, V,, = 0. The general driving sequence y is illus-
trated in Fig. 2. Note that y, reduces to the 51mple
sequence (6) of Sec. IB for N =2 and Vi=-V,=V.

The general Hamiltonian corresponding to the pulse
sequence (27) is written as

N
= HO + me(t)vmv
m=1
fm(t) =1 for ( —1)T/N <t <mT/N (otherwise0),
—i2znm/N ( ,in(2x/N) __ 1)einot 2
Zﬂlz e ( )e ? ( 8)

n#0

where the last line of Eq. (28) provides the Fourier series of
the square functions f,,(¢). In order to apply Eqgs. (16) and
(17), we expand the Hamiltonian in terms of the harmonics

H(r) = Hy+ > VWelior, (29)
J#0

e—zZﬂjm/N ij2z/N) _ l)vm, (30)

o0 1 &
:ZZ

m=1

~. | —

where we use the Fourier series in Eq. (28). The effective
Hamiltonian and the initial-kick operator K(0) are then
given by the general expressions (see Appendix F)

)+ O(1/w?),

(31)

2—|—m nand D,,,=1+N>— 6N(n m)—|—6(n m)2.

We have again omitted the harmonic-mixing terms given in Eq. (C10), which do not contribute for the sequences
considered here. The result in Eq. (31) clearly highlights the fact that the initial kick K(0) depends on the way the
pulse sequence starts, whereas the effective Hamiltonian H . is independent of this choice: Shifting the pulse sequence,
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namely, redefining the operators V,, — Vm+ p» With
pEZ, results in a change in K(0) but leaves
Ifleff invariant.

We have applied the formula (31) to general sequences
with N = 3 and N = 4 different steps, and we present the
associated results in Egs. (G1) and (G2) in Appendix G. In
contrast with the case N = 2, we find that sequences with
N =3 or N =4 steps can potentially lead to nontrivial
effects that are first order in (1/w). We point out that the
scheme proposed by Kitagawa et al. [52] to realize the
Haldane model using a modulated honeycomb lattice
corresponds to the case N = 3. Moreover, the model of
Refs. [54,58], which features topological Floquet edge
states, corresponds to the case N = 5. In the following, we
will further explore and illustrate the case N = 4, with a
view to creating synthetic magnetic fields and spin-orbit
couplings with cold atoms (see also Refs. [15,25,26]).

V. SEQUENCES WITH N = 4 STEPS

Motivated by the importance and versatility of four-step
sequences to generate nontrivial effective potentials and
gauge structures, we now explore two specific examples
of such sequences that lead to different effects. The
following paragraphs will constitute a useful guide for
the applications presented in Secs. VI and VII.

A. The class of sequences «

Let us first consider the following four-step sequence:

a. {H0+A,H0+B,ﬁO—A,ﬂO—B}, (32)
which corresponds to y, in Eq. (27) with V,=-V;= A
and V, = —V, = B. We now apply the formula (31) [see
also Eq. (G2)] and we obtain

N A IT ~ b3 A Ao PN

Hye =Hy+—IA,B]+—([|[A, Hy|, A B,H,|,B

e = o+ e (A B + 2 (1A, o). A] + [[B. A, B)
+O(1/0?),

R(0) = —-(A+B) + 0(1/a?). (33)

where the expression for K(0) is obtained for a sequence a
starting with the pulse +A [and we remind readers that the
kick operator K(0) depends on this choice]. The result in
Eq. (33) shows that the driving schemes belonging to the class
a can generate a combination of first-order and second-order
terms, which might potentially lead to interesting observable
effects; see Secs. VI and VIL. In particular, we note that the
scheme of Ref. [15] to generate synthetic magnetic flux in
optical lattices belongs to this class; see Sec. VL.

Finally, we note that the pulse sequence a can be
approximated by the smooth driving V(1) = A cos(w?)+
Bsin(wr). In this case, a direct evaluation of Eq. (16) yields

Ay = Ho+ o [A, B]
+4%)2([[/3,Flo],/3] + [[B. Hy), B]) + O(1/w?),

which is indeed approximately equal to the effective
Hamiltonian (33) associated with the pulsed system.

B. The class of sequences f

We now consider an apparently similar four-step
sequence

p: {Hy+A Hy—A Hy+B.Hy— B}, (34
which corresponds to y, in Eq. (27) with \71 = —\72 =A
and V5 = —V, = B. Applying the formula (31) [Eq. (G2)]
yields

N N 57> A A A AoA o
H. = H A, Hyl, A B,H,|,B
e = o+ s (1A o). A] + (1B, o). B)

(A Fo). B + (1B o). A + O(1/0).

7
128w?

R(0) = —%(A +B) +0(1/w?),

>

(35)

where K(0) corresponds to a sequence f starting with the
pulse +A. The result in Eq. (35) emphasizes two major
differences between the o and the S classes: (a) The
effective Hamiltonian associated with the f sequence does
not contain any first-order term, and in this sense, this
N =4 sequence resembles the case N =2. (b) The p
sequence generates additional second-order terms that mix
the pulsed operators A and B, ie., terms of the form
[[A, H,), B] that are not present in the class a [Eq. (33)].

As illustrated in Sec. VII, the schemes of Refs. [25,26] to
generate spin-orbit couplings in cold gases can be
expressed in the form of sequences f.

VI. PHYSICAL ILLUSTRATION: GENERATING
SYNTHETIC MAGNETIC FIELDS IN COLD GASES

In this section, we apply the results of Sec. V to generate
synthetic magnetic fields in one-component atomic gases,
using a four-step sequence of type a; see Eq. (32).

A. Without a lattice

We first consider atoms moving in two-dimensional
free space, such that Hy = (p? + p2)/2m. Inspired by
Ref. [15], we drive the system with a pulse sequence « [see
Eq. (32)] with the operators A = (p2— p?)/2m and
B =«%$. We will comment later on the possibility to
implement such a scheme practically. Over a period, the
evolution is thus given by the sequence
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IO
. Py Px T Dy
KV om

)

{ﬁ% P+ p?
— +
m 2m

Kfcy}, (36)

which consists in repeatedly allowing for the movement in
a pulsed and directional manner while subjecting the cloud
to an alternating quadrupolar field. The corresponding
effective Hamiltonian is given by Eq. (33), which yields,
up to second order (1/w?),

N 1. . 1 2 e
eff — % [(px _Ax)2 + (py _Ay)z] +§mw%(x2 =+ y2)’

. N 7K /5
A = (—mQPp, mQ3x), Q= S W, = \/;Q,

(37)

which corresponds to the realization of a perpendicular and
uniform synthetic magnetic field

K

B=2mQl, =1,
1]

(38)
We point out that the second-order corrections in Eq. (33)
lead to a harmonic confinement, which dominates over the
centrifugal force generated by the first-order term, resulting
in an overall trapping potential in Eq. (37). Defining
the cyclotron frequency w. = B/m, we obtain the ratio
between the confinement and cyclotron frequencies

wh/wc = (1/2)

The induced confinement is a special feature of the driving
scheme (36). It has a significant impact on the dynamics,
which illustrates the fact that the perturbative expansion in
(1/w) should not be limited, in typical applications, to its
first-order terms. (See Sec. VIII A for a more detailed
discussion.)

5/3 2 0.64. (39)

B. With optical lattices

A similar scheme can be applied to cold atoms in optical
lattices, where a uniform synthetic magnetic field would
provide a platform to simulate the Hofstadter model
[30,32,33,69,70]. Here, we suppose that the atoms evolve
within a two-dimensional optical square lattice and that their
dynamics is well captured by a single-band tight-binding
description. The static Hamiltonian is thus taken in the form

Hy=—=0> "} 1yl + @y 18y +He, (40)

= p3/2m* + p3/2m*, (41)

where J is the hopping amplitude, aj,., creates a particle at
lattice site x = (ma, na), and a is the lattice spacing. In
Eq. (41), we introduce the notation i)iy/ 2m* to denote
hopping along the (x,y) directions and also the effective

mass m* = 1/(2Ja?). In the following, any operator denoted
by O will be defined on a lattice, with the convention that
O — O in the continuum limit (see Appendix H).

We now apply the pulse sequence in Eq. (36) to the
lattice system, by substituting py,/2m — ;‘7}26’), /2m* and
X9 — xy. The lattice analogue of the sequence (36), which
was originally introduced in Ref. [15], now involves pulsed
directional hoppings on a lattice, and it can thus be realized
using optical-lattice technologies. In this lattice framework,
the effective Hamiltonian in Eq. (33) yields

A

4
Heff = —JZ (1 — m@n — g ((I)I’lﬂ')z) ajn#»l,namﬂ’

4 N
+ <1 +in®m — 3 (<I>mn)2> Ay, pi G +Hee,
(42)
where we introduce the “flux” ® = a’k/8w and use the

commutators presented in Appendix H 1. In the small flux
regime ¢ <« 1, we obtain the Hofstadter Hamiltonian [30]

Hep = — Jze_i”(b"&j,ﬁl’n&m_n +ei®mat L a,., + He.
m,n
LI i S
+am w;, (X* +5°), (43)

where the additional term acts as a harmonic confinement
in the continuum limit, with frequency w, = 2z®J+/5/3.
Noting that ® is the number of (synthetic) magnetic flux
quanta per unit cell [30], and denoting the cyclotron
frequency by w, = B/m*, we recover the free-space results
(38) and (39), namely,

B = (220/a)1, = glz, oo, = (1/2)/5/3. (44)
which validates the analogy between the free-space and
lattice systems. In the present perturbative framework, the
flux is limited to & <« 1; however, a partial resummation of
the series (42), similar to that of Sec. VII D, allows one to
extend the flux range to ® ~ 1; see Ref. [15].

The lattice system is convenient for physical implemen-
tation, since optical lattices offer a platform to activate and
deactivate the hopping terms in a controllable manner, e.g.,
by simply varying the lattice depths in a directional way.
Besides, the lattice configuration described in this section
also allows for direct numerical simulations of the
Schrodinger equation (the lattice discretization being
physical). We have performed two types of simulations
illustrating (a) the dynamics of a Gaussian wave packet
subjected to the pulse sequence (36) and (b) the dynamics
of the same wave packet evolving according to the effective
Hamiltonian (42) with ® = a’x/8w. In Fig. 3, we show the
center-of-mass dynamics of a wave packet initially pre-
pared around x(0) =0 with a nonzero group velocity
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5

y/a

FIG. 3. Comparison between the dynamics of the driven system
following the protocol in Eq. (36) (solid red and blue curves) and
the dynamics predicted by the effective Hamiltonian (42) (dotted
purple curve). Shown is the center-of-mass trajectory in the x-y
plane for time ¢ € [0, 100](1/J). For all simulations, a Gaussian
wave packet is initially prepared around x(0) = 0 with a nonzero
group velocity along the +y direction. The blue and red curves
correspond to different initial phases of the driving sequence: The
blue (respectively, red) curve is obtained by starting the sequence
(36) with Ay + A = p2/m* (respectively, Hy — A = p2/m*). We
set the values x = 10 and T = z/80(1/J), such as to fulfill the
low-flux condition & = 1/128 < 1.

v,(0) = v1,, v > 0. The nontrivial dynamics associated
with the effective Hamiltonian (42) is in very good agreement
with the real dynamics of the pulsed system. The spirographic
and chiral motion depicted in Fig. 3 is well understood in
terms of the effective Hofstadter-like Hamiltonian in Eq. (43):
It involves the interplay between the cyclotron motion
induced by the synthetic magnetic field B and the presence
of the harmonic potential with frequency w,. Moreover,
Fig. 3 compares the trajectories resulting from a different
choice of the initial phase of the modulation: The almost
identical red and blue trajectories highlight the robustness of
this scheme against perturbations in the driving’s initial
conditions, and incidentally, it shows the negligible role
played by the initial kick K (7;) in this example. Similarly, we
also note that the micromotion is negligible in real space.

The numerical results presented in Fig. 3 confirm that the
driving sequence (36), introduced in Ref. [15], produces an
effective magnetic field in the optical-lattice setup; more-
over, it illustrates the relevant effects associated with
second-order (1/w?) corrections, which will be present
even at low flux ® < 1. Moreover, we point out that adding
terms in the static Hamiltonian I:IO, for instance, to further
control the confinement of the gas or to combine several
effects, should be treated with care, as these extra terms will
potentially contribute to second-order corrections through
the commutators [[A, Hy|, A] + [[B, H,), B]; see Eq. (33).
Finally, we note that the operators A and B entering the
sequence in Eq. (36) could be slightly modified for the sake
of experimental simplicity.

VII. GENERATING SYNTHETIC SPIN-ORBIT
COUPLINGS IN COLD GASES

A. Spin-orbit coupling in 2D: General considerations

In this section, we investigate the possibility to generate
spin-orbit-coupling (SOC) terms > f)ﬂjy in a cold-
atom gas, where J denotes the spin operator associated with
the atoms, p is the momentum, and @, are some coef-
ficients. Here, for the sake of simplicity, the focus will be
set on the case of two-dimensional and spin-1/2 Rashba
SOC, which is given by Hy = Agp - 6. In the following, we
will also encounter another SOC term H,, = Qsof,z&z, the
so-called “intrinsic” or “helical” SOC, which is responsible
for the quantum spin Hall effect in topological insulators
[71,72]. The combination of both terms, e.g., as in the
Kane-Mele model [72], will be referred to as the “helical-
Rashba” configuration.

Before presenting different schemes leading to SOC
terms, we point out a subtlety associated with Rashba spin-
orbit-coupled systems that arises when considering a
perturbative treatment in powers of Ag. Consider H, the
free Hamiltonian in 2D space, and let us perform the
following unitary transformation:

e C,e'S = fly+ gp -6 + Qsol.6. +mis + OA3).
:I‘AI0+[:\IR+HL0+mlIZQ+O(;L%)’
Hy = p2/2m, Qso = mi.

(45)

G = mipk - 6,

where we introduce the short notation O(dg) = O(migL),
and L is the system’s length. The result in Eq. (45) shows
that—up to third order in Az—any model combining the
Rashba Hy and helical 4,, SOC terms with the weight
ratio Qgo/Ag = mAg is equivalent to a trivial system
described by the free Hamiltonian H, [26]. This observa-
tion highlights the importance of evaluating the SOC terms
up to second order in Ag, to identify the schemes producing
genuinely nontrivial spin-orbit effects. Moreover, in this
perturbative framework, Eq. (45) indicates that the
(first-order) Rashba SOC Hamiltonian H = H, + Hy is
equivalent to the (second-order) helical SOC Hamiltonian
H=H,+ H,,, with Qso = miz.

Finally, we point out that the expansion in powers of
mAgL introduced in Eq. (45) should be handled with
care for two main reasons. First, it should not be mistaken
with the (1/w) expansion stemming from the effective
Hamiltonian formalism of Sec. II A, which is typically
characterized by the small dimensionless quantity Qgq/ .
Second, the ground states of the Rashba SOC Hamiltonian
p?/2m + Agp - 6 are situated along the “Rashba ring" at
p = pr =mly (ie., the bottom of the Mexican-hat
dispersion [12,13]), so that probing this region of the
dispersion relation requires us to prepare states with
Ap < midg; in this regime, the expansion in Eq. (45)
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becomes problematic as mApAx = 1/2, which is imposed
by Heisenberg inequality.

B. Generating spin-orbit couplings with the « sequence
1. The helical-Rashba scheme

Inspired by the result presented in Sec. VI A, we propose

a scheme to realize spin-orbit couplings, based on the four-
step sequence a in Eq. (32). Considering the operators

Hy=p?/2m,

A=(p2—p2)/2m, B=«(x6,—95,).

the time evolution of the driven system is characterized by
the repeated sequence

P o P2 o
{2ty sts0,—55). 22 ity =i 52 | 40

The general expression for the effective Hamiltonian (33)
then yields

Hee = Hy + Agp - 6 + Qsol.6. + O(1)0?),

Ag = nk/8ma, Qso = —(8m/3)13, (48)
providing a helical-Rashba configuration. In this perturba-
tive approach, we note that one can eliminate the Rashba or
the helical SOC term in Eq. (48) via a unitary trans-
formation, but not both, since Qgq # m/lfe (see Sec. VIL A).
The kick operator K(f) is obtained from Eq. (17); in
particular, the initial kick at #; = 0 is given by [Eq. (33)]

T

IA((Z‘ZZO):—E

(P2 =P3)/2m+x(36,—36,)]+ O(1/a?).
In direct analogy with the discussion presented in Sec. III,
we find that this initial kick can profoundly alter the
dynamics of wave packets in the strong SOC regime,
where k/w ~ Ay is large. In this regime, it is thus desirable
to launch the dynamics at a subsequent time ¢; = 37/8, in
which case

R(1; = 37/8) = - [(p3 = p3)/2m] + O(1 /o)

no longer depends on the parameter /.

In the same spirit as in Sec. VI B, we now consider the
lattice analogue of the driven system characterized by
the pulse sequence (47). The corresponding tight-binding
operators and commutators are presented in Appendix H 2.
Similarly as in Sec. VI B, this scheme involves a combi-
nation of pulsed directional hoppings on the lattice and
oscillating quadrupole fields. We obtain that the corre-
sponding effective Hamiltonian H . reproduces the helical-
Rashba Hamiltonian in Eq. (48), after substituting m by the
effective mass m* = 1/(2Ja?) and taking the continuum

limit. A specificity of the lattice framework is that the
second-order contributions also lead to a renormalization
of the hopping amplitude J — J(1—7#%), where
n = (anx/4v/3w); this specificity is due to the fact
that [[p2,x],x] = p2a*> in the lattice formulation
(Appendix H 2).

We now demonstrate that the dynamics of the pulse
sequence (47) is well captured by the predictions of the
effective Hamiltonian formalism. We consider that the
system is initially prepared in a Gaussian wave packet
with nonzero group velocity along the +x direction and
spin component ¢ = +. Figure 4 compares the dynamics
generated by the pulse sequence (47) with the one
associated with the evolution operator in Eq. (15), with
H . and K(1) given by Egs. (17), (48), and (G4). We show
in Figs. 4(a) and 4(b) the spin populations as a function of
time: Using a time step At <7, we observe a wide
micromotion in spin space, which is very well captured
by the kick operator K (¢) of the effective model. Figure 4(c)
compares the center-of-mass motion of the real and
effective evolution operators. The curved trajectory,
together with the evolution of the spin populations, signals
the presence of the effective SOC generated by the driving.
In agreement with the discussion of Sec. VII A, we recover
the fact that it is necessary to evaluate the effective
Hamiltonian up to (at least) second order in 1/w to reach
a good agreement with the dynamics of the real pulsed
system. Adding third-order corrections to the effective
Hamiltonian [Eq. (G4) in Appendix G] leads to an even
better agreement. Finally, similarly as in Fig. 3, we find that
the micromotion is small in real space.

2. The pure Dirac regime

Interestingly, Eq. (48) suggests that inhibiting the effect
of H(y during the evolution will lead to a pure Dirac system

HP: = Jpp -6 + O(1)00), (49)

noting that the hAelicA:al SAOC term in Eq. (48) is due to the
commutator [[B,Hy|,B] in Eq. (33). This Dirac
Hamiltonian is obtained with the pulse sequence

{(p? — p2)/2m, k(%6, — ¥5,),
— (3 — p3)/2m. —x (%6, — y6,)}.

which, in principle, can be realized in an optical-lattice
setup. Hence, controlling the static Hamiltonian H,, which
is conceivable in a lattice framework, offers the possibility
to tune the first-order effective energy spectrum but also to
annihilate the second-order contributions to the SOC
effects. We note that the pulsed operators A and B in
Eq. (46) could also be slightly modified to reach other
regimes of interest.

031027-10



PERIODICALLY-DRIVEN QUANTUM SYSTEMS: ...

PHYS. REV. X 4, 031027 (2014)

(@ Ay
c
K<)
©
>
& 05
aQ
£
%
w
0! L
0 1 2 3 4 5 6 7 8
Time [1/J]
(b)
c
il
kS
=]
aQ
o
a
£
[o%
(7]
OO 0.05 0.1 0.15 0.2 0.25
Time [1/4J]
(c)
O.
-0.1f 1
(1st order)
\
N
> -0.2f
-0.31
(Real)
(3rd)
(2nd)
0'40 1 2 3

FIG. 4. Thehelical-Rashba scheme: dynamics of the driven system
associated with the driving sequence (47). Here,x = 10J/aand T =
0.1/J.(a) Spin populations as a function of time. The dynamics of the
pulsed system (blue and red dots) is compared with the evolution
dictated by the evolution operator in Eq. (15) (blue and red lines),
where H. and K(r) are given by Egs. (17), (48), and (G4). The
effective and real dynamics are sampled using the time step
At = T/2. (b) Same as above, but using a time step Az = T/16 to
highlight the micromotion captured by the kick operator K(7) in
Eq. (17). (c) Center-of-mass displacement in the x-y plane after atime
t = 8/J. Here, the real trajectory of the driven system (blue dots) is
compared with the evolution predicted by the effective Hamiltonian
formalism [Eq. (15)], considering H . at first, second, and third order
in 1/w. The trajectories are sampled using the time step At = T'/2.

3. Adding terms to the static Hamiltonian H,: A route
toward topological superfluids and topological insulators

The scheme based on the driving sequence (46) and (47)
allows for adding a Zeeman term H,= Az6, to the
effective Hamiltonian (48), whose association with the
Rashba SOC term could be useful for the quantum
simulation of topological superfluids [73]. Subjecting the
system to a static Zeeman field HO — HO + H, will not
perturb the first-order Rashba term Hy ~ [A, B] in Eq. (48)
but will add an extra second-order term

Hyg=Hy+H,+Hr+H,,

1
+-=mQZ(x* + )6, + O(1/a?),

2
which corresponds to a spin-dependent harmonic potential
with frequency Q, = 21/1,Qg0. The survival of the topo-
logical superfluid phase in the presence of the additional
harmonic potential constitutes an interesting open question.
In general, we note that any driving scheme aiming to
produce Rashba SOC typically presents this potential
drawback, namely, the fact that the additional Zeeman
term will necessarily generate additional (possibly spoiling)
effects.

Adding terms to the static Hamiltonian A, could also be
envisaged to generate systems exhibiting the anomalous
quantum Hall effect [38,74], the so-called Chern insulators.
For instance, the anomalous quantum Hall model of
Ref. [74] could be realized by considering the driving
sequence (46) and (47) on a square lattice but replacing the
static Hamiltonian A, — H, + (p*/2m)é,, where the last
term corresponds to a spin-dependent hopping term on the
lattice. Another possibility would be to drive lattice systems
with more complex geometries (e.g., honeycomb lattice),
where the association of Rashba and Zeeman terms directly
leads to Chern insulating phases [75,76].

4. The xy scheme

Finally, we introduce a second scheme based on the a

sequence (32), which features the standard static
Hamiltonian A, = p*/2m and the pulsed operators
A= (P — p2)/2m — k36, (50)
B = (p} — p3)/2m — K98,

The repeated driving sequence is similar to Eq. (47),
reading

~2 ~2

52
{ﬂ_chc?fx,&—lcj/& &—FKXGX,p——I—KyG }, (51)
m m m

so that this scheme is based on a more regular sequence
involving pulsed directional motion and magnetic fields.
The effective Hamiltonian (33) then reads
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Hye = Hy+ Agp -6 —yi 96, + cst + O(1/0?),

Mg = —nk/8mw, y = 7’ /4. (52)
Here, the second-order terms do not contribute to the
effective Hamiltonian, but the first-order terms include a
spin-dependent hyperbolic potential. Although the “xy” term
is potentially problematic, especially in the strong SOC
regime x/ >, we will show in Sec. VII D that this pulse
sequence allows for an almost exact treatment; incidentally,
we will see that the xy term can be inhibited in the lattice
framework through a fine-tuning of the driving parameters.

C. Generating spin-orbit couplings with
the f sequence: The XA scheme

The XA scheme introduced by Xu et al. in Ref. [26] and
Anderson et al. in Ref. [25] is based on a repeated pulse
sequence, which can be expressed through the evolution
operator over one period T

0(T) = e_i(ﬁlo_B)Te_iiI()T/ze_i(l:lo+3)r

x efi(lflofﬁ)refif{of/Zefi(ﬁIoJr;\)r’ (53)
where 7 < T ~ T, and where the operators are explicitly
given by

N

B=xps,. (54)

Hy = p*/2m, A =«ki6,,
Noting that the sequence (53) essentially features four
nontrivial steps (with pulses +A and +B), we find that it
can be qualitatively described by the associated four-step
sequence f in Eq. (34). The driving sequence studied in this
section, hereafter referred to as the XA scheme, will thus be

taken of the form f:
{Hy + «36,, Hy — k%6, Hy + x96,, Hy — k36,}.  (55)

The corresponding effective Hamiltonian and initial-kick
operators then read [Eq. (35)]

Ay = Hy— QsoL.6, + O(1/0),
K(0) = —migk -6 + O(1/a?),

Qgo = mig,
Ag = nx/8mw, (56)

where the absence of first-order (Rashba) terms is a
characteristic of the f§ sequence [Eq. (35)]. However, using
Eq. (15) and comparing Eqgs. (56) and (45), one recovers an
effective Rashba SOC term via the unitary transform
[K(T) = K(0)]

f](T) _ efiIA((T)efiTI:IeffeilA((O) _ efiTﬁI;fff’
HY = Hy—2gp -6+ O(1/®) + O23), (57)

where we have introduced the effective Hamiltonian AZ%;.
As anticipated at the end of Sec. VII A, Eq. (57) implicitly
contains two intertwined perturbative expansions: the

expansion in powers of (Qgo/w) inherent to H. and
K(t) (Sec. I A) and the expansion in powers of (mAgzL)
introduced in Eq. (45).

D. Quasiexact treatments on special cases

In this section, we show that specific driving schemes
leading to SOC benefit from the fact that they can be treated
almost exactly. Such an approach is useful, as it allows us to
go beyond the perturbative treatment of Sec. II A, which
has been considered until now to evaluate the evolution
operator. Actually, we have already encountered such a
scheme in our study of the oscillating force in Sec. III.

1. The XA scheme

Following Refs. [25,26], the time-evolution operator
associated with the sequence (55) can be conveniently
partitioned as U(T) = U,U,, where each of the two
subsequences
U = efi(ﬁofxpap)7/4671'(1%“,2&”)T/47

p p=xy. (58

can be treated exactly. The calculations presented in
Appendix I yield the exact result (see also Refs. [25,26])

Uﬂ _ e—iT[I:IO/Z—/lRﬁ,,&,A]’ U=x,y, (59)
where A = 7x/8mw. Finally, the evolution operator after

one period is obtained by using the Trotter expansion to the
lowest order exp A exp B ~ exp(A + B), reading

U(T) = U,U0, = exp(—iH%T),
A%y = Ho = 2gb - 6 + O[(Qso/w)?). (60)

We thus recover the result in Eq. (57), with the notable
difference that the quasiexact treatment leads to a partial
resummation of the infinite series inherent to Eq. (57):
Indeed, the dimensionless parameter mAgL no longer plays
any role in the expression for the evolution operator
in Eq. (60).

Before discussing the result in Eq. (60) any further, we
derive its lattice analogue by substituting the operators of
the XA sequence (55) by their lattice counterparts
(Appendix H2). Following the computations presented
in Appendix I, we obtain the effective Hamiltonian up to
first order in (Qgo/w)?

_. PPl 1 .
Hl = 15t Esmc(4am AR)
_ . [cos(4am*Ag) — 1
. , 61
o 6{ 8(am™)?Ag } o0

where Ag = zk/8m*@w and m* = 1/2Ja’ is the effective
mass. Hence, we recover the result in Eq. (60) for weak
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driving Az < aJ/2 and by taking the continuum limit.
However, in the lattice framework, the maximum value of
the effective Rashba SOC strength is limited: Using
Eq. (61), we find that the ratio of Rashba to hopping is
maximized for 1 = n/4am* = (n/2)al:

_ 1/ p? o .
Hgf:§<2_m*)—/1RP'O', lp=2/m)al. (62)

Note that the appearance of sinc functions in Eq. (61) is a
characteristic of lattice systems driven by square-wave
modulations [67].

The quasiexact method presented in this section allows
us to partially resum the infinite series contained in H¢ and
K(t) [Eq. (57)]. However, we stress that the evolution
operators and the associated effective Hamiltonians in
Egs. (60) and (61) depend on the initial phase of the
modulation, in direct analogy with the situation presented
in Secs. I B and III: The analysis performed in this section
imposes that the # sequence exactly starts with the pulse
+A and ends with the pulse —B. Any deviation in the initial
phase will alter the evolution operator in Egs. (60) and (61),
and potentially, the long-time dynamics. Indeed, suppose
that the launching time is shifted 1, = 0 - —7/4, so that
the 8 sequence starts with the pulse —B instead of +A: The
system will first undergo a kick

exp(ikTy6,/4) = exp(idpyé,), Sp =4mlg, (63)
before evolving according to the Rashba Hamiltonian in
Egs. (60) and (61). Note that 6p = 4pp, where py is the
radius of the Rashba ring along which the ground states are
situated. Hence, this initial kick, which modifies the group
velocity and spin structure of the prepared system, typically
has an impact on long-time dynamics (in direct analogy
with Fig. 1). We illustrate this sensitivity to the initial phase
of the driving in Fig. 5, which shows the time-evolved

FIG.5. The dynamics associated with the driving sequence (55)
on a lattice. (a) The Gaussian wave packet is initially prepared
around x(0) = 0 and momentum k = 0, so as to probe the Dirac
dispersion relation of the effective Rashba Hamiltonian in
Eq. (61) (Ak < m*g). (b),(c) Shown is the time-evolved particle
density p(x,y) in the x-y plane at time r=7.3(1/J), for
k=40J/a, and T =7x/100(1/J), ie., Ag=~(x/3)Ja. (b)
The driving follows the sequence (55) starting with the pulse
+A. (c) Same but starting with the pulse —B, ie., changing the
initial phase of the modulation.

density of a lattice system driven by the sequence (55).
Figure 5(a) shows the initial wave packet in real space, with
mean position x = 0 and momentum k = 0. The width of
the Gaussian satisfies Ak << m*1; in k space; namely, the
wave packet is prepared such as to probe the Dirac
dispersion relation around k = 0 (i.e., within the Rashba
ring). Figure 5(b) shows the time-evolved density at time
t="7.3/J, in the case where the f sequence (55) is
launched with the pulse +A: In agreement with the
evolution operator in Eq. (61), the cloud expands according
to the isotropic Dirac dispersion relation associated with the
effective Rashba Hamiltonian HZ;. Figure 5(c) shows the
same time-evolution protocol but for a driving sequence /3
launched with the pulse —B (i.e., shifting the launching
time t; = 0 —» —T/4). As predicted by Eq. (63), the cloud
undergoes a sudden kick along the y direction, which ejects
the initial momentum distribution out of the Rashba ring,
before evolving according to the Rashba Hamiltonian (61);
hence, changing the initial phase of the modulation results
in a highly anisotropic dynamics that no longer probes
the Dirac dispersion relation proper to the Rashba
Hamiltonian (61).

We also note that the treatment considered in this section
implies that the system is probed stroboscopically
(t=NT), and in this sense, it does not describe the
micromotion associated with the driving. More impor-
tantly, we point out that the exact treatment leading to
Eq. (§9) cannot be performed when adding Pauli matrices
into the static Hamiltonian (e.g., an extra Zeeman term).
Finally, we point out that a similar quasiexact treatment was
considered in Ref. [15], for the one-component driven
lattice discussed in Sec. VI.

2. The xy scheme

The xy scheme introduced in Sec. VIIB 4 can also be
treated in an almost exact manner, which leads to a partial
resummation of the series in Eq. (52). The method differs
from the one presented in Sec. VII D 1 for the XA scheme,
and importantly, it is only possible under two conditions:
(1) The xy sequence in Eq. (51) should be realized on
the lattice, in which case all the operators are replaced by
their lattice analogue (Appendix H?2). (2) The driving
parameter x and the period T should satisfy the condition
kT =4r/a, or equally, using our previous definition,
Ag = nx/8m*w = (x/2)aJ. We note that this particular
value was already discussed below Eq. (61), where it
corresponds to the regime where the effective Rashba
SOC is maximized on the lattice. In the following, we
assume that these two conditions are satisfied.

Here, in contrast with the analysis performed in
Sec. VIID 1, we split the evolution operator U(T) asso-
ciated with the sequence (51) into its four primitive parts

U(T)=U_pU_4 U+BU+A7 (64)
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and we analyze each operator U 14 p separately. Using the
Zassenhaus formula [77], we find factorized expressions
for the individual operators (see Appendix J for details)

_ g o _ - = =
U+A —e iTpy/4m emx/u, U,A — emx/aetTlRpxﬂx’

U+B — eiﬂjf/aefiTﬁ;i)y&v’ U—B — e*iTp§/4m*eiﬂy/a’ (65)

where A was defined in Eq. (62). Finally, using Eq. (H6), and
applying the Trotter expansion to minimal order, we find

U(T) = UfBUfAUﬁ»BU{»A = exp(—iI:]Z;fT),
. 1/ p? e A
i =3 (L) + e+ Ol@ofol). (66)

which is precisely the Rashba Hamiltonian in Eq. (62) up to
the sign change 1 — —A% (i.e., a gauge transformation).
Interestingly, this result shows that the xy scheme in Eq. (51)
is equivalent to the XA scheme in Eq. (55), in the limit
Ag = (w/2)aJ, where the Rashba SOC is maximized.
Furthermore, Eq. (66) shows that the hyperbolic potential,
whichis predicted by the perturbative treatment [Eq. (52)] for
the lattice-free case, totally disappears in this special regime;

FIG. 6. The xy scheme: dynamics of the driven system
associated with the driving sequence (51). Here, x = 80J/a
and T = z/20J~!, which corresponds to the special regime
where Az = (7/2)aJ. (a) Spin populations as a function of time.
Bold (respectively, thin) lines correspond to the predictions of
the effective Hamiltonian in Eq. (66) (respectively, to the real
dynamics of the pulsed system). (b) Center-of-mass displacement
in the x-y plane after a time + = 8/J. The blue dots (respectively,
purple line) correspond to the real dynamics of the pulsed system
[respectively, to the effective Hamiltonian in Eq. (66)]. In both
figures, the real dynamics are sampled using the time step At =
T/8 to highlight the micromotion, which is not captured by the
effective Hamiltonian.

this surprising result is due to the underlying lattice structure
(Appendix J).

We show in Fig. 6 the perfect agreement between the
dynamics predicted by the effective Hamiltonian (66) and
the real dynamics of the pulsed-lattice system. One should
note that this agreement is only valid in the special regime
where i ~ (7/2)aJ: The spoiling effects associated
with the effective hyperbolic potential [Eq. (52)] become
appreciable as soon as Adz ~ 1%. Finally, we stress that the
analysis leading to Eq. (66) cannot be performed when
the static Hamiltonian A, features Pauli matrices (e.g., a
Zeeman term).

VIII. DISCUSSIONS AND CONCLUSIONS

A. Convergence of the (1/w) expansion

As already pointed out in Ref. [59], one cannot affirm
that the perturbative expansion proper to the formalism of
Sec. IT A converges, in general. Indeed, the small dimen-
sionless parameter associated with the 1/w expansion that
leads to the effective Hamiltonian H. in Eq. (16) can only
be determined a posteriori, on a case-by-case basis.

1. Illustration of the convergence issue

Let us illustrate this fact based on the driven system
discussed in Sec. VIA. Using Eq. (16), we obtain the
second-order effective Hamiltonian in Eq. (37), which we
now decompose in terms of the 1/w expansion:

Hye=H'+ B + B> + 0(1/0®),

.o P2 .

H'=3  H =-Q(p,—$p.),

A 1 FERR

= zmwgonf(xz + y2)’ (67)

where Q ~ k/me and @2, ~ Q2. At this point, no element

justifies the fact that the perturbative expansion should be
carried up to second order. In order to simplify the present
discussion, we slightly modify the sequence in Eq. (36) so
that the Hamiltonian in Eq. (67) can be recast in the familiar
form

Heye = (p — A)?/2m + O(1/0?),
A = Qm(—$.%,0), (68)

which is easily done by changing the prefactor in front of
the pulse operator A~ p2 — p? entering the sequence in
Eq. (36). Having obtained the effective Hamiltonian in
Eq. (68) up to second order in 1/w, one can determine its
general characteristics: For instance, let us focus on its
ground state, which is the standard lowest Landau level
(LLL) with cyclotron frequency €. This ground state is
characterized by the cyclotron radius ry ~ 1/v/mQ, such
that the typical momentum associated with this state is
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Po~VmQ~ \/k/w. Hence, as far as the LLL is con-
cerned, we find that all the terms in Eq. (67) are of the same
order %2 ~ Q ~ k/mw, which indicates that the pertur-
bative expansion leading to Eq. (67) should necessarily be
undertaken up to second order (included). Building on this
result, we now evaluate the third-order terms, which have
been neglected up to now: Including the pulse operators
A~ pr— pV and B ~ % § into Egs. (G3) and (G4), we find
a cancellation of all the third-order terms. We thus need
to evaluate the fourth-order terms, which are necessarily of
the form

L (12.5.5.0.9~ 52,
L0108 5).01.5~ 5.
Lie.5.2.5.9~ 52,
(110,805~ 55

where Q = (H,A) ~ p®/m. In the LLL, these fourth-

order terms are all of order Q?/w or Q*/w?. Hence, we
have identified that Q/w ~ k/mw? constitutes the relevant
dimensionless parameter in the problem: The perturbative
expansion leading to the effective Hamiltonian in Eq. (67)
can indeed be safely limited to the second order as long as
Q < w, namely, when x < mw?.

Based on this example, we propose a guideline that
should be followed in order to validate the convergence of
the perturbative expansion. 1. Compute the effective
Hamiltonian H up to some order 1/w", using the
formalism presented in Sec. Il A. 2. Determine the inter-
esting characteristics associated with H.g. e. g., based on its
eigenstates or its dispersion relation. 3. Evaluate the
(n + 1)-order term and identify the condition according
to which this term can (possibly) be neglected. This
condition defines the small dimensionless parameter of
the problem, or equally, a region in the parameter space, out
of which higher-order terms could come into play.

2. The perturbative approach revisited

We emphasize an important aspect related to time-
dependent Hamiltonians  H(t) = Hy + >, fm(@08)V,,,
which is the fact that the operators H,, and V,, are generally
not independent with respect to the modulation frequency
. For instance, in the example discussed above in
Sec. VIIIA 1, we find that By ~A ~Q and B=«xt)~w,
based on the LLL characteristics (with Q < w). The fact
that some driving operators may be proportional to the
frequency V,, ~ w, which can only be determined a poste-
riori according to the guideline established above, seems
problematic when building a perturbative expansion
in powers of 1/w (Sec. I A). To treat this seemingly

pathological situation, we propose an alternative perturba-
tive approach in Appendix K that is specifically dedicated
to the general time-dependent problem

H(t) = Hy 4+ Af (1) + 0Byg(1), (69)

where the functions f and g are assumed to be time periodic
with a zero mean value over one period T = 27/w.
Applying this alternative method to lowest order in 1/w
provides a compact form for the effective Hamiltonian
Hy = B + O(1/w), where

+ Af(1)} exp(—iG(1)B)
) -5 GIB. 1B, 1)

I:Igff = CXP(iG(I)B){ﬁIO
= H, + iGf[B,

- LapB.B.4) - 5 G BIB.B. )]

— S GIfIBIB. 1B, 4] +

k(1) =GB+ 0(1)w). (70)
where (1) = (1/T) [T ¢(

t)dt denotes the mean value
over one period, and where G(t) = w [" g(7)dr satisfies
G(1) = 0.

Importantly, the formulain Eq. (70) potentially allows fora
partial resummation of the perturbative expansion stemming
from the formalism introduced in Sec. IT A. To illustrate this
point, we again consider the driven system in Sec. VI A, for
which we find that B~w. Substituting A — A=
(P2 — p})/2m and wB — B = k% § into Eq. (70), and com-
puting the time averages associated with the a pulse sequence
(Appendix K), we recover the effective Hamiltonian in
Eq. (37). We find that only a few terms in Eq. (70) have a
nonzero contribution, and we stress that, in contrast with
the result (37) obtained using the formalism of Sec. Il A, the
present result based on the formula (70) guarantees the
convergence of the perturbative expansion. Indeed, one
readily verifies that all the terms that have been identified
at this order of the computations [Eq. (70)] are of the same
order Q ~ k/mw. (See Appendix K for more details.)

B. Adiabatic launching

In this work, we assume that the periodic modulation that
drives the system is launched abruptly at some initial time
t;. In Sec. III, we demonstrate that the long-time dynamics
could strongly depend on this choice (Figs. 1 and 5).
Hence, after a long time ¢ > T, the system “remembers”
the initial phase of the modulation, or equivalently, the very
first pulse that was activated (e.g., +A or —B in Fig. 5).
This sensitivity to the initial phase constitutes an important
issue with regard to experimental implementation, where
the phase is controlled with a certain uncertainty. One way
to “erase” the memory of the system is to ramp up the
modulation H(t) = Hy + A(t)V(r), where A(1) = 0 — 1 is
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turned on very smoothly. This “adiabatic launching” will
effectively annihilate any effect associated with the initial
kick K(t;) in Eq. (15). We observe that the time scales of
such memory-eraser ramps depend on the scheme under
scrutiny; for example, we find that the ramping time needed
to erase the memory in the situation shown in Fig. 5 is of
the order of 1/J.

Furthermore, the adiabatic launching could be exploited to
generate specific target states, although we stress that this
strategy is inevitably affected by the micromotion dictated
by the operator K (t7) in Eq. (15). Indeed, if one initially
prepares the system in the ground state of the static
Hamiltonian A, and then smoothly ramps up the modula-
tion, the system will eventually oscillate around the (target)
ground state of the effective Hamiltonian H . These micro-
motion oscillations may be problematic for specific appli-
cations, where the stability of the target state particularly
matters; we remind readers that the micromotion is inherent
to the physics of driven systems, and although it is generally
limited in real space, it is typically large in momentum or
spin space for the various examples treated in this work
(Figs. 4 and 6). In view of applications, this discussion also
highlights the difference between two possible targets:
(1) reaching a specific state (e.g., the ground state of
H.g) or (2) engineering an effective band structure (also
associated with H.q). This aspect of periodically driven
systems is left as an open problem for future works.

Finally, we note that the adiabatic launching is not unique,
in the sense that the ramping function A(#) can take arbitrarily
many different forms. In particular, one could consider a
“sequence-preserving adiabatic” protocol where the func-
tion A(7) remains constant during each primitive pulse
sequence {Hy+ V,....Hy+ Vy} [Eq. (27)]. Let us briefly
analyze the time evolution of such a driving scheme, based
on the simple two-step sequence y, = {H, + V,H,— V},
where the + index indicates that the sequence starts with the
pulse +V. Suppose that the system is initially prepared in the
ground state y, of the static Hamiltonian H,. At the end of
the sequence-preserving ramping process, the state has
evolved into yw, — yw,, which is an eigenstate of the
effective Hamiltonian A, associated with the primitive
sequence ¥, namely,

ﬁl+w+ = Ey,. e iH T — e—i(I:IO—V)T/Ze—i(I:IO+\7)T/2’

N A T ~
H+ == HO _— lz[Ho, V] + O(TZ)
To estimate the micromotion undergone by the target state

y . after the ramp, we compute its evolution after half a
period. We find

—i(Hy+V)T/2 _
e i(Ho+V)T/ Y4 = Ynicro»

H —¥micro = El//micrm
N . T .~ =
H_=Hy+ip[H. V] +O(T).  (71)

Now, suppose that the same driving scheme is performed,
but using the alternative sequence y_ = {H, — V, H, + V}.
In this case, the target state after the ramp y, — w_ satisfies
I:IJ//, =Ey_, il T — o—i(Ho+V)T/2 p—i(Hy=V)T/2 (72)
If the eigenvalue E is not degenerate, i.e., Wmicro = W,
we find that the target states associated with the two
sequences y. are sent into each other y, <>y _ through
the micromotion [Egs. (71) and (72)]. If the eigenvalue E is
degenerate, which is the case for the ground level of spin-
orbit-coupled Hamiltonians [12,13], the evolution is non-
trivial and should be studied on a case-by-case basis. In both
situations, this analysis further highlights the relevance of the
micromotion in modulated systems.

C. Conclusions

This work was dedicated to the physics of periodically
modulated quantum systems, with a view to realizing gauge
structures in a wide range of physical contexts.

Our approach was based on the perturbative formalism
introduced in Ref. [59], which clearly highlights three
relevant notions associated with the driving: the initial kick
captured by the operator K(z;), the effective Hamiltonian
H,.; that rules the long-time dynamics, and the micro-
motion described by k(tf~) (Sec. ITA). Based on this
perturbative method, we have obtained general formulas
and identified diverse driving schemes leading to “non-
trivial” effective Hamiltonians, whose characteristics could
be useful for the quantum simulation of gauge structures
and topological order. In particular, we have discussed the
convergence of the perturbative expansion; building on
specific examples, we have also presented methods
allowing for the partial resummation of infinite series.

This work addresses the general situation where the
driving frequency w is off resonant with respect to any
energy separation present in the problem. However, the
effective Hamiltonian method presented here can also be
generalized to describe schemes based on resonant driving
[78], as recently implemented to generate synthetic mag-
netic fields in optical lattices [31-34].

We have also mentioned the possibility to switch on the
modulations adiabatically; such an adiabatic launching
minimizes the effects attributed to the initial kick K(t;)
that was shown to be considerable when abruptly launching
the driving (Fig. 5). Schemes based on adiabatic launching
could also be exploited to reach interesting target states.

This work also aimed to highlight the important role
played by the micromotion in periodically driven systems.
We have shown that these unavoidable oscillations are
typically large in momentum and spin space, for the
different examples treated in this work. Taking into account
this micromotion is particularly relevant from a detection
point of view, noting that various probes are built on
(possibly spin-dependent) momentum-distribution imaging.
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Although these results were obtained in the noninteracting
regime, they also suggest that dissipation due to interparticle
collisions could lead to significant heating in cold-matter
systems presenting large micromotion. This heating could
be particularly problematic in spin systems, where spin-
dependent micromotion could possibly lead to drastic
collision processes. The thermodynamics of driven quantum
systems has been recently investigated in Refs. [79-82] (see
also Refs. [83,84]). We note that interactions could also be
modulated in cold-atom systems, using time-dependent
magnetic fields in a Feshbach resonance [85,86].

Finally, we point out that probing interesting effects in
cold-matter systems, such as topological order, generally
requires us to act on the system with additional potentials
mebe. For instance, measuring the topologically invariant
Chern number in quantum Hall atomic systems [34] can be
realized by acting on the cloud with an external force
mebe ~X (see also Refs. [87-90]). These additional
potentials will contribute to the static Hamiltonian
Hy — Hy + mebe, and hence, they will potentially alter
the effective Hamiltonian [Eq. (16)] and the corresponding
band structure: “Measuring the topological order associated
with an effective Hamiltonian may destroy it.” This
phenomenon will be particularly pronounced when
mebe includes Pauli matrices. More generally, adding
terms to the static Hamiltonian, either to probe interesting
characteristics of the system or to enrich its topological
features, should be handled with care. This issue, which is
particularly relevant for the field of quantum simulation, is
left as an avenue for future works.
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APPENDIX A: THE PAUL TRAP

The Paul trap consists in a particle moving in a
modulated harmonic trap. The Hamiltonian is taken in
the form

. N N p* 1

H(t) = Hy + Vcos(wt) = 5 + Ema)(z)ch cos(wt), (A1)
m

where w = 27/T (respectively, @) denotes the modulation

(respectively, harmonic-trap) frequency. It is convenient to

write the Schrédinger equation i,y = H(¢)y in a moving

frame by considering the unitary transformation

. . [t o
w = Ry = exp <—iV/O cos(wr)dr)y? = e~isin(@)V/og,

(A2)

so that the transformed state satisfies the Schrodinger
equation 0,y = H(t), with the modified Hamiltonian

H(t) = RTHyR = Hy — sin(wt)} (& p +p &) /20

+ mwisin®(w1)%* 2w?.

(A3)

Using the Magnus expansion [60] to lowest order, we find
that the evolution operator after one period reads

0(T) ~ exp (—i A ! FI(r)dr) — exp(—iTH.y),

N R
Hoy = é’—m +om@PR, Q=af/Vio. (A4)

so that the particle effectively moves in a harmonic trap
with frequency €. We point out that the nontrivial term in
the effective Hamiltonian in Eq. (A4) is second order in the
period 7.

To gain further insight on this result, we consider a
classical analysis, which consists in seeking a solution x()
in the form x(7) = x(¢) + £(¢), where X(z) evolves slowly
and where &(7) describes the micromotion. The equations
of motion read

—mQ2x(t),

(w}/@?) cos(wt)X(1).

mx

&(1)

(AS)

Hence, the effective harmonic potential with frequency Q
that rules the slow motion Xx(#) is equal to the average
kinetic energy associated with the micromotion:

1 1 .
—sz)_cz = §m<§2>,

: (46)

where the angled brackets denote the average over one
period. Furthermore, the momentum dispersion in the
ground state of the effective Hamiltonian H g [Eq. (A4)]
is Ap = V/mQ, which is similar to the momentum asso-
ciated with the average micromotion m¢& over the extension
of this ground state. This classical analysis illustrates the
important role played by the micromotion in modulated
systems.

We now present the first corrections to the result
presented in Eq. (A4). The Magnus expansion reads [60]
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U(T) = exp|—iH(T)]
= exp(—i[HO(T) + HI(T) +--]),

HO)(T) = / " f(e)d,
0

HO(T) = —% /O ! /0 (1), B (2)|dedr, (A7)

where H(1) is defined in Eq. (A3). The zeroth-order term is
given in Eq. (A4), and the first-order corrections read

1
H(l)(T):4yT<H0—§m925cz>, y=(Q/wy)®. (A8)

The evolution operator including first-order corrections is
finally given by [Eqgs. (A7) and (A8)]

U(T) ~ exp(—iTI:Ieff),
- ﬁz 1
Hy = o (1+4y) + 5m925€2(1 —4y),

(A9)
where we note that the corrections are small y <1
for wy < w.

Finally, we show how the formalism of Appendix C
allows one to recover the result in Eq. (A9). To second
order in (1/w), the effective Hamiltonian and kick oper-
ators read [Egs. (C10) and (C11)]

N N 1 PN ~
Hqp = Hy +m (V. Hol. V] + O(1/@?),

K(0) = lwiz V. Hy] +O(1/0?), (A10)

where we use the fact that V) = V(=) = V/2 in the
single-harmonic case H(t) = H, + V cos(wt). The com-
mutators in Eq. (A10) are readily computed using the
operators defined in Eq. (A1), which yields

~2
N D 1 R
Heff = %—f—imﬂzxz + O(l/w3),

KO0)=y(xp+pi)+0O(1/a?), (A1)

where Q and y are defined in Eqgs. (A4)—(AS8). Using
Eq. (C5), we obtain the evolution operator after one period

U(T) — ¢ iK(0) o=iTHy (iK(0) — e—iTﬁleTﬂ.’
P’ 1
3 (L4 47) +5m@22(1 —4y) + O(1/0?),

A7, =
eff 2 m

(Al12)

such that we recover the result in Eq. (A9).

APPENDIX B: RENORMALIZATION OF THE
HOPPING IN MODULATED OPTICAL LATTICES

In this Appendix, we consider a modulated 1D optical
lattice, described by the single-particle Hamiltonian
ht) = p/2am+VoLls— %)), (BI)

where the periodic function xo(t) = xo(z + T) is consid-
ered to have a zero mean value over one period T = 27/,
and where Vg (%) is the optical-lattice potential. In the
absence of driving, the static Hamiltonian H,, is written in
the form of a second-quantized tight-binding Hamiltonian

Hy=—J)(T+T"), T=> a4, (B2)
J

where the operator &; creates a particle at lattice site
X = ja, a is the lattice spacing, and J is the hopping-matrix
element. The modulated lattice is generally studied in a
moving frame, in which case the driving acts through an
inertial force

H(t) = Hy + 0E(t)V = Hy + wg(t)z jda,

J

(B3)

where £(7) = (ma/w)%(t). In the following, we set

&(t) = & cos(wt), (B4)
so that the Hamiltonian reads
H(1) = Hy + w&,V cos(wt). (B5)

Note that the parameter « introduced in Eq. (4) (main text)
is given by x = w&,. We also introduce the operator
H =iJ(T-TY, (B6)

which, together with ﬁlo and V, form a close set under the
action of the commutator

[ﬁo,V]:—iﬁll, [HI,V]:igo, [I:IO,I:II]ZO. (B7)
The latter relations lead to the useful formula
e"VHye "V = Hycosy — H, siny, (B8)

which is indeed valid for any triple of operators { H, &, V}
satisfying Eq. (B7); see also Eq. (C7). Following the same
procedure as in Appendix A [Egs. (A2) and (A3)], we
consider the unitary transformation

Y = R l/N/ = e*ifo Sin(u)t)Vll~/

and the associated modified Hamiltonian
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H(t) = RTHyR = H, cos [&) sin(wr)]

— H, sin [&) sin(wt)],

where we use Eq. (B8). Finally, the operator evolution after
one period is given by

(7(T) = exp <—i/TI:I(T)dT> = eXp(_iTHcff),
0
I:Ieff = \-7()(50)12107

where we recover the renormalization of the hopping by the
Bessel function of the first kind

TJo(x) = lA” cos|x sin(7)]dxr.

T

(B9)

(B10)

We emphasize that the effective Hamiltonian in Eq. (B9)
is exact.

APPENDIX C: GENERAL EXPRESSION FOR
THE EFFECTIVE HAMILTONIAN: DERIVATION
OF EQS. (16) AND (17)

We start with the Schrédinger equation

i0y (1) = H(t)y (1),
H(t)=Hy+ V(1), Vit+T)=V() (Cl)
and consider the unitary transformation
1) = Uy (1) = X0y (1), (€2)

The new state ¢(7) satisfies the Schrodinger equation

i0,p(1) = Hepgp (1), (C3)

2 iR (1) F, —iKk(t (e —iKk(t
Heff:e’ ()H(t)e ! (>+l ot e’ (>, (C4)

where we introduce the effective Hamiltonian H.y. The
method of Ref. [59] then consists in constructing the time-
independent effective Hamiltonian H g, by transferring all
undesired (time-dependent) terms into the operator K (1).
The latter has a simple interpretation that becomes obvious
when writing the evolution operator

=1
AL

@’ j

i

. N (-1 A
Hyp=Hy+=) ~[VU.V
off 0+a)j:1j[

— —

| —
=

and for the kick operator at time ¢

U(t; > t)w(t) = e_imf)e_iﬁe“(t’_l")eik“")l//(fi)- (Cs)
This expression indicates that the evolution can be split into
three parts: (a) an initial kick associated with the operator
K(t;), (b) the evolution dictated by the time-independent
effective Hamiltonian f]eff, and (c) a final kick associated
with the operator K (tr)-

In general, it is not possible to give an analytical
expression for the operators H and K(f) in Eq. (C4).
(See, however, Appendix E for an exactly solvable exam-
ple.) Thus, it is convenient to build these operators
perturbatively, by expanding them in powers of the driving
period T = 2x/w, which is assumed to be small in the
problem. Following Ref. [59], we write

=1 . o =1 .
- =Nk
;w A}, K—;wnl{ (C6)
and consider the expansions
oA b N A A | R
KoK — H -+ l[K,H] —E[K, [K,HH
A
— 2[R (R K A1) ()
9k o 9K 1[, 0Kk] if, [, 0K
-k 7 R 2| KR == -
(o) =raal*] o< [£5]
(C8)

to determine the operators H.; and K(7) at the desired
order O(1/@"). Note that we further impose that K(t)
should be periodic K(f) = K(t+ T), with a zero mean
value over one period.

We now apply this strategy to the general situation in
Eq. (13), where the Hamiltonian H(7) of the driven system
is given by

ﬂ( ) ) —ijor

Hy+V(r)=Hy+ Z Jeliot 4 Y=

(C9)

Following the expansion procedure (C6)—(C8) up to second
order O(1/w?), we obtain the general expressions for the
effective Hamiltonian

<>
)
|
|
[\
<
<
T
<>

(=D 4+He)  (C10)
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APPENDIX D: THE TWO-STEP SEQUENCE:
DERIVATION OF EQS. (18) AND (19)

In the simple case of the two-step sequence
{Hy+V,H,—V}, the Hamiltonian is given by
H(t) = Hy + f(t)V, where f(1) is the standard square-
wave function. Expanding f(¢) into its Fourier compo-

nents, we obtain a simple expression for the %% operators
introduced in Eq. (C9)

VU = 2iV/zj = (V)T for jodd
=0 otherwise. (DI1)

Inserting these operators into Eqs. (16) and (17) yields the
result

2
A A T A A N
Hyy = Hy+ - |[[V.Ho). V] + O(1/0?), (D2)
24w
()= 0 7+ 00102 forre| LT
K(t)= 2wV+|t|V+(’)(1/a) ) forte 2,2]. (D3)
To derive Eq. (D2), we use the formula
> 1/(2j = 1)* = =*/9%6. (D4)
J=1
To derive Eq. (D3), we use the formula
2. cos w(n
—_— === , D5
Z(zj—1)2 4(2 |x> (D3)

Jj=1

which is valid for —z < x < ; see Ref. [91].

APPENDIX E: THE MODULATED OPTICAL
LATTICE REVISITED

In this Appendix, we illustrate how the method described
in Appendix C can be used in a nonperturbative manner,
based on the modulated-optical-lattice problem treated in
Appendix B. The present analysis allows us to recover the
well-known renormalization of the hopping amplitude by a
Bessel function; see Eq. (B9).

As in Appendix B, we start with the Hamiltonian

H(1) = Hy + masio(n)V = Ho + w&(1))_jaja;.  (E1)

J

where the tight-binding Hamiltonians A and V are defined
in Egs. (B2) and (B3). Following the strategy described in
Eqgs. (C2)—(C4), we look for a unitary transformation U (1),
such that

Hye = UOHQU (1) + i(ab(;it)>2;ﬁ(t) (E2)

defines a time-independent effective Hamiltonian. The
unknown unitary transformation is taken in the form

A

U(1) = elaWH+pOM] pir()V (E3)

where the operator H is introduced in Eq. (B6).

Using the identities (B7) and (B8) together with the
ansatz (E3), we find that the effective Hamiltonian in
Eq. (E2) takes the simple form

Hess = Ho(cosy — o&f + f7 — @) + V(wE — )
+ H,(=siny + wéa — ay — j),
where the three time-periodic functions a, f, and y are still
to be determined. Imposing that H.; should be time
independent,
I:Ieff = CIHQ + Czl:]l + C()‘A/

leads to the relations

a(t) = ag + /ICOS [CU/[/ E(e")dr" —70} dt' — ct,
0 0

p(t) = Py + /tsin [a)/ﬂ E()drt" — yo} dr’ — c,t,
0 0

) =70+ A ")t — et (E4)

where we introduce constants of integration. The time
periodicity of y(¢) is satisfied by setting ¢y = 0, while
imposing the periodicity of the two other functions
a and S requires further developments. For the sake of
clarity, let us consider the driving x((7) = ¢ cos(w? + ¢),
such that

E(1) = &y cos (wt + ), &y = —mawd. (E5)

In this case, the time periodicity of a() and f(¢) in Eq. (E4)
is satisfied for

c1 = TJo(&)cosyy, ¢, = —Jo(&)siny;, (E6)
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where y; = yq — & sin ¢, and where J,(&,) is the Bessel
function of the first kind in Eq. (B10). The corresponding
effective Hamiltonian reads

Ay = jo(fo)(ﬁocos}’l —H, sinyy), (E7)
where we note that the operators I:IO,I are related by a gauge
transformation.

Next, we rewrite the evolution operator in Eq. (E3) in the
more usual form [Eq. (C2)]

—a(t)e }
+ y(t)f/, (E8)

where we use the commutators in Eq. (B7), and where the
constants ¢;, can be deduced from the BCH Trotter
expansion in Eq. (9). From Eq. (E8), we find that the
function y(¢) in Eq. (E4) should necessarily have a zero
mean value over one period to guarantee that the kick
operator K(f) satisfies this same constraint. This latter
condition sets y; = 0, which together with Eq. (E7) even-
tually leads to the familiar renormalization of the hopping
amplitude

I:Ieff = jo(fo)ﬁlo, &y = —mawd, (E9)

which reproduces the result presented in Eq. (B9).

The remaining constants a, Sy, and y, define the initial
operator /(0) and thus complete the determination of the
unitary transformation &/(¢). The condition y; = 0 implies
vo = &p sin ¢, such that setting ag = f, yields

A

U(0) = ecosingV, (E10)
which determines the kick operator K (0) = &, sin ¢)V. This
latter result illustrates the fact that the initial phase of the
lattice modulation ¢ has an impact on the initial kick given
to the system but has no consequence on the effective
Hamiltonian [19].

APPENDIX F: N-STEP SEQUENCE: DERIVATION
OF THE GENERAL EXPRESSION IN EQ. (31)

We derive the general expressions in Eq. (31) for the
effective Hamiltonian A g and initial-kick operator K(0),
in the general case presented in Sec. IV, where the system is
characterized by the repeated pulse sequence

]/N:{H0+‘71,I,:10+‘,\/2,1’\{04—‘,\/3,...,1:10—’—‘,\/1\/}, (Fl)

with N an arbitrary integer. We write the Hamiltonian as

H(t) = Hy+ ) VWeon, (F2)
J#0

1 Mg - .
e~ i2mim/N ( 5ij2x/N) _ 1)\ F3
2”121‘] ( ) m» ( )

Vi) =
where we use the Fourier series in Eq. (28). Applying
Egs. (16) and (17), and presently restricting ourselves to the
first-order terms, yields

N
1 A
H. = g 1
eff — 0 wm.n:1[v ]Cmn + O( /60 )
2 N
N _ ~ )
K(0) = _”wm:1 V,.C +O(1/w%),

These expressions can be simplified using the formulas [91]

Zsmkx *x  axt

T 0<x<2z (F4
JE 6 4 12 x<2m, (F4)

0<x<2m  (F5)

yielding the first-order terms presented in Egs. (31).

A similar calculation allows us to evaluate the effective
Hamiltonian’s second-order terms. For the sake of sim-
plicity, we restrict ourselves to the second-order term

A 2 1 - 1 ~ A A ~
A% = 2—2—2 o, V)] + Hee),

noticing that the harmonic-mixing terms [i.e., the second
line in Eq. (C10)] do not contribute for the sequences
treated in this work. Using the expansion in Eq. (F3) for the
V) operators yields

o_ 1 <
Heff = 277.'2602 Z Cm n=mmn
m<n=2 m=1

=Y (¥ "—m>) {l—w (w’)}

where we introduce the commutators

A A

ém,n = [[va HO]’ Vn] + [[Vn’ ﬁIO]? ‘A/m]' (F7)

Using the formula [91]
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i":cos kx 7t 222 mxd Xt

- 0%

L= k90 12 12 48 .

one finds simple expressions for the coefficients in
Eq. (F6):

4
Dy =%[1 +N2—6N(n—m)+6(n—m)?] (form<n),
77,'4
m.amn :W(N— 1)2 (form:n).

Inserting these coefficients into Eq. (F6) yields the final
result presented in Eq. (31).

APPENDIX G: EFFECTIVE HAMILTONIANS
FOR GENERAL SEQUENCES WITH N =3, 4
DIFFERENT STEPS

In this Appendix, we apply the expression in Eq. (31) to
general sequences with N = 3, 4 different steps. The case
N = 2 is fully treated in the main text and in Appendix D.

1. The case N =3

We first consider a general sequence with three different
repeated steps: y3 ={Ho+ V,Hy+ Vo, Hy+ V3}. In
this case, the expressions in Eq. (31) yield

Hey = Hy + ([Vi. Vo] + [Va. V3] + [V3. V4])

27w
+2432 5(Cri+Coa+Cy3—Cra—Co3— i)
+0(1/w?),
K(O) = 22 (<0, + V5) + O(1/?), (1)

where the commutators C‘mﬂ are defined in Eq. (F7). In
contrast with the case N =2, a proper choice of the
operators H, and \71.2,3 can potentially lead to nontrivial
effects that are first order in (1/w). This scenario was
considered by Kitagawa et al. in Ref. [52] to realize the
Haldane model [38] in a honeycomb lattice with pulsed
hopping terms.

2. The case N = 4

We now consider the case of four-step sequences, which
are principally explored in this work, and which have also
been the basis of several proposals [15,25,26]. In this case,
the expressions in Eq. (31) yield

H= Ho+—([V17V2]+[‘72»‘73]4‘[‘73,‘74}+[‘74,‘71])

32w
2

T A A A A
— |- (C C (& C
+256a)2 4( 11+ Con+C3+Cyy)

l A A A A 7 A A
—g(cl,z +Cy3+C34+Ch4) _6(C1'3 +Ca4)

+0(1/a?),
R(0)= 1;)( 3V, = Vo + V3 +30)+0(1/0?),  (G2)

where we note the absence of commutators [V, V;] and
[V,, V4] in H.y, and where the commutators Cmn are
defined in Eq. (F7). As for the case N = 3, a proper choice
of the operators H, and \71,273,4 can potentially lead to
nontrivial effects that are first order in (1/w).

Let us now focus on the a sequence in Eq. (32),
introduced in Sec. VA.

First, we note that the third-order corrections are easily
obtained when the «a sequence in Eq. (32) is approximated
by the smooth single-harmonic driving V(¢) = A cos(wt)+
Bsin(wt). Pushing the perturbative expansion of
Appendix C to the next order, we find

e = Ho 5 [ B+ (A Hol. A] + (1B, ) B)
b (AL B, o) o)) = B.[A. o], Al
(A4 BLA] + (1B A, B]). B)

+ O(1/w*). (G3)

The third-order corrections associated with the original
square-wave sequence a [Eq. (32)] can also be evaluated
through the alternative perturbative method developed in
Appendix K, reading [Eq. (K9)]

3
17 A LA A A
(1B 1A, B]. B

HG) jw? =+ (G4)

where we note that 7°/768 ~ 1/16, in agreement with
Eq. (G3). Note that this method disregards the terms

A A A N

A (1B Ao Holl,  [B.IA AL Al I

A A A A S ~

[AB]).A]
(G5)

at this order of the computation; indeed, the alternative
approach implicitly assumes that these terms will contrib-
ute to higher orders in 1/w (Appendix K). However, we
note that the expression in Eq. (G4) applies to the SOC
scheme analyzed in Sec. VIIB 1, for which the neglected
terms in Eq. (G5) all vanish identically. The effects
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associated with the third-order corrections (G4) are illus-
trated for this specific scheme in Fig. 4.

APPENDIX H: TIGHT-BINDING OPERATORS
IN 2D LATTICE SYSTEMS AND
USEFUL COMMUTATORS

In this Appendix, we set a dictionary that translates
common operators defined in the bulk (X, p,...) into
their lattice analogues. Here, the lattice framework is
treated using a single-band tight-binding approximation.
We also provide commutators of these operators, which
are useful for the calculations presented in Secs. VI
and VIL

In a single-band tight-binding description, the hopping
Hamiltonian is taken in the form

Ho=T. 41,

— ’\-I- ~ AT A
- _J§ :am+1.nam,n a1 mn T H.c.,

m,n

(H1)

where the operators 7', , denote hopping along the (x,y)
directions with amplitudé J, &fn,n creates a particle at lattice
site x = (ma, na), and a is the lattice spacing. The indices
(m, n) are integers. If we take the continuum limit @ — 0
(or equivalently, if we expand the momentum around the
bottom of the band), we recover the usual kinetic energy
term

A

TX—I—TyE

S(pr+ 7). mt=1/(2Ja%), (H2)

m

where we introduce the effective mass m*. We exploit this
bulk-lattice analogy and use the following notation to
denote lattice operators:

Px
2m*

=T, =-J) a,,an,+He.  (H3)
m,n

1. One-component lattices
Table I defines all the lattice operators used in Sec. VI.

TABLE 1.

Symbol Tight-binding operator

ﬁ§/2m* _JZm n m+l n&m,n +H.c.

p§/2m* —JY an m,nﬂam.n 4+ H.c.

X GZm,nm&l‘",’l&m.n

x.)-/ azzm‘nmn&;’l,"&m.n

Py /203 0@ 1 2l — He.

LZ = [_7 ypx i/ZZln,lzmalrl,lz+laln,ﬂ - n&l‘n+l.n&m n H'C'
32+ 52 @ )23y P28yl + M8 8y + Hec,

TABLE II.

Commutator Result
[p3/2m* — p2/2m* X 3] =2iJa*L, = il /m*
[p3/2m* + p3/2m" . X3] = —2iJa*(%py + ypx)
i[Xpy + 9Py, X 7] =X+
[pa/2m* ), p = x, y = —ip,/m"

[y B/ @m*, p=x, y = ipy/2m"*

Table II presents the nonzero commutators required to
evaluate [A, B] and [[H,. B]. B] in Sec. VI, using the lattice
operators defined in Table I.

In particular, setting

Hy=p2/2m*, V=j/a, U=X,),

we recover the cyclic relations Eqgs. (B7), such that Eq. (B8)
yields

I:Ilzﬁ”/am*,

el (p2 [2m*)e~i/¢ = (pZ/2m*) cosy — (p,/am”) siny.

2. Two-component lattices

In order to set the notations, we write the two-component
tight-binding Hamiltonian in the form
= _‘]Z\IJerl n \ijm n+1 \Ilm n + H. c., (H4)

where \Ilm,,, = (sz,,,n,l;L,n) contains the operators that

create a particle at lattice site x = (ma,na) in the state
o = £. Table III defines all the lattice operators used in
Sec. VIL

Table IV presents the nonzero commutators required to
evaluate the effective Hamiltonians in Sec. VII, using the
lattice operators defined in Table III.

TABLE III.

Symbol Tight-binding operator

[_73/21’”* _JZm n m+l n\Ijm n + H C.

]_7%/2111* _JZmn m.n+1 mn+HC

ng azm nm\PlLl ﬂ W

)_75)7 az;nn r.nn‘}y@mn

pxﬂx l/zaZm,n m+l.naX\I}m<,n —Hec.

py Ay i/zaZm n\ijj;l n+1&\)®m.n —H.ec.

Z‘z&z:()_ci)y_ypx)&z i/Q’Ztn,n(mlIl;n n+1 nquH»l n) \Tj
—H.c.

()_pr +)_)px)6'4 i/22m,n(mlp;n ;z+l+n\I]m+l n) Z\i}mm
—H.c.
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TABLE IV.

Commutator Result

[pi/zm*a )_Ca-X] = (_i/m*)pxa-x

[D+6,.X6,] = (ia*/2)px

- [[p}/2m*, x6,], X6,]/a* = pi/2m*
[p3/2m*.y86,] = (—i/m*)p,6,
(D)6, V6] = (ia*/2)p3

- [[p3/2m*,36,]. 58,/ a* = p3/2m*
[D:6+.76,] + [p,6,.%6,] = —2iL.6,

[ﬁy&y’xa-x] - [px&)w )—75'},] = —21()_6]_7y + )_)px)a-z

Moreover, it is useful to note the cyclic conditions [see
also Eq. (B7)]

ﬁlozpﬁ/Zm*, V:ﬁ&ﬂ/a, ﬁllzﬁﬂ(%ﬂ/am*, U=2X,Y,
(Ao, V|=—iH,, [H,.V]=iH,. [HyH]=0. (H5)

Using Eqgs. (HS) and (B8) yields the useful formulas

=2 =2 - A
2m* 2 a

siny
m * * ’

. - A =2
el7iB,/a (pﬂ_gf> e iTHb./a — p”—a*” cosy — p_,,* siny, (H6)
am am 2m

which are used several times in this work.

APPENDIX I: EXACT TREATMENT
OF THE XA SCHEME

In this Appendix, we derive the effective Hamiltonians
in Egs. (60) and (61), which are associated with the XA
scheme.

1. Without the lattice

Following Refs. [25,26], it is convenient to partition
the time-evolution operator associated with the XA
sequence (55) as U(T) = U,U,, where the two subse-
quences read

U = —ilHo—xps,)T/4 e—i(fJUJrK/}?rﬂ)T/ét’

u U=X,Y. (11)

We first focus on the subsequence characterized by the
evolution operator U, and perform a unitary transformation
in the same spirit as in Eq. (A2):

w =Ry =exp (—ikfc&x A t f(r)dr) v, (12)

where f(t) denotes the square function

f() =1
f()=-1

for t € [0, T/4].
forte [T/4,T/2].

The transformed state satisfies the Schrodinger equation
i0,yy = H(1)y, with the modified Hamiltonian

() = R HoR = 5 (P2 + [, — ko), (13)

where f(¢) = [} f(r)dz. Importantly, the result in Eq. (I3) is
exact, and, in particular, it is valid for any w or Az ~ k/w.
The evolution operator after half a period thus reads

b —o ﬁ)m H(t)dt
X

— efiT[ICIO/Zf(KT/l6m)fax(3}], (14)
which shows the fact that half of the XA sequence (55) has
been treated exactly. The next subsequence (r = 7/2 — T)
can be treated similarly, yielding the exact result

Uy _ efiT[I:Io/Zf(KT/l()m)f)y[r),]. (15)

Finally, to lowest order in 7 = 27/, the Trotter expansion
yields the Rashba SOC Hamiltonian

U(T) = U,0, = exp(—ilH%T),
ALy = Hy— Igp - 6 + O[(Qs0/w)?]. (I6)

where A = 7nx/8mw, and where we introduce the small
dimensionless parameter Qgo /@ with Qg ~ ma%; here, we
suppose that the momentum p ~ mly is of the order of the
Rashba ring (i.e., the bottom of the Mexican hat).

2. With the lattice

A similar calculation allows us to evaluate the evolution
operator for the XA sequence (55) defined on the lattice,
namely, when substituting the operators in Eq. (55) by their
lattice analogues (see Appendix H 2).

As in the lattice-free case, we consider the unitary
transformation in Eq. (I2). The transformed state satisfies
the Schrodinger equation i0, = H (), with the modified
Hamiltonian

H(t) = !

1
S D3 T Prcoslaxt()]} — o p.é sinaxf (7)),

where we use the formula (H6), and where the function
f(r) = J¢ f(z)dr was introduced in the last section. The
evolution operator after half a period thus reads
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-2 =2

T ] pV px . - A . 2

H, =— sinjaxT /4| — 6,.8in-|axT/8|.
X 4 *+(ZKT % [ /] (12K‘T *px x [ /]

(I7)

A similar calculation can be performed for the next
subsequence, yielding

2 . 4
H, = T/4] ————
Y 4m*+aKTm* sinfaxT/4] a*xT

(I8)

We point out that the expressions (I7) and (I8) are exact and
that they constitute the direct lattice analogues of Eqgs. (14)
and (I5). The Trotter expansion then yields the evolution
operator after one period

U(r) = U0, = exp(—iH%T),

_ - p* (1 1
HZ, = 5 12T Esmc(4am*/1R)

_ . [cos(dam*Ag) — 1
. I
r 6{ 8(“’”*)2/11% }’ 1)

where Ag = 7k/8m*w and m* = 1/2Ja’ is the effective
mass. Note that we recover exactly the result in Eq. (I6)
for weak driving Az < aJ/2 and by taking the continuum
limit. However, in the lattice framework, the maximum
value of the effective Rashba SOC strength is limited. In
particular, we find that this maximum value is obtained
for g = n/4am* = aJ(n/2).

APPENDIX J: EXACT TREATMENT
OF THE xy SCHEME

In this Appendix, we derive the effective Hamiltonian in
Eq. (66). We consider the a-type xy sequence [Eq. (51)]

=2 =2 =2

=2
{py — K)_Céx,& — K)")&w& + K)_C5x,& + K)_’5y} (1)
m m m m

and consider the special regime where kT = 4x/a, that is,
Ag = nk/8m*@w = (n/2)aJ. Furthermore, we consider that
the system is set on a lattice, such that the operators in
Eq. (J1) correspond to the lattice operators defined in
Appendix H 2.

Here, in contrast with the analysis performed in
Appendix I, we split the evolution operator U(T) corre-
sponding to the sequence (J1) into its four primitive parts

—p,6,sin[axT/8].
o PO

U(T) = e~ T/ (Ho=B) ~(T/4)(Ho—A)
x e~ (T/4)(Hy+B) o—(iT/4)(Ho+A)
= U—BU—AD+BU+A» (J2)

and we analyze each operator U, p separately.

The operators U,, and U_j are readily simplified:
Setting Az = (7/2)aJ, we directly obtain the factorized
expressions

U+A _ e—iTp§/4m*eim‘c/a7 U—B _ e—iTﬁ§/4m*einy/a’ (J3)

where we use the simplification

exp(infic,/a) = exp(inji/a), U==xy. (J4)
The latter is due to the fact that exp(izmé,) = (—1)" for
m € Z. The property (J4) is thus specific to the lattice
operators %6, and y&, defined in Appendix H 2.

The two other operators U_, and U , 3 require more care,
as they are both of the form exp(X + Y) with [X, Y] # 0.
The factorization can be performed through the Zassenhaus
formula [77]

XY = XV e (1XYW XYH/OXX Y] . (]5)
We find that the latter formula takes an elegant form when
the operators satisfy the following cyclic relations:

X,Y] =Z,

X.Z]=ay., [v.Z]=0. (J6)

Indeed, under the conditions (J6), we find the exact result

XtV = eXexp{Y sinh(v/a)/v/a — Z|—1 + cosh(v/a)]/a}.

Using the latter formula together with the cyclic conditions
in Eq. (HS) yields

U—A _ eim—c/aeiT}u;;]_zx&X7

U+B — eiﬂ)’)/ae—iT/{}'eﬁvE:y7 (J7)

where A% = (2/7)aJ was introduced in Eq. (62).

We now have at our disposal factorized forms (J3)—(J7)
for the four operators U 4 , which can be inserted into the
evolution operator in Eq. (J2). Noting that

exp(—izx/a)(pso.) explinX/a) = —p.6x,  (I8)

which directly results from Eq. (H6), we obtain the exact
result

U(T) _ e—iT[)ﬁ/4m*e—iT/l}[)x&xe—iTA;pyﬁye—iT[J;ﬁ/4m*' (Jg)

Applying the Trotter expansion to minimal order, we finally
find the effective Rashba Hamiltonian announced in
Eq. (66):
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U(T) = U—BU—AU+BU+A = exp(—iﬁszT),
- 1/ p? w= A 2
Hiy =35 \5,=) + 4P -6+ Ol(Qs0/w)?].

APPENDIX K: AN ALTERNATIVE
PERTURBATIVE APPROACH

In this Appendix, we propose an alternative perturbative
approach that is specifically dedicated to the general time-
dependent problem

H(t) = Hy+ V(1) = Hy + Af (1) + 0Bg(r), (K1)

where the functions f and ¢ are time periodic with a zero
mean value over one period T = 2z/w. As motivated in the
main text, the following method is particularly suited for
problems in which H, ~ ~ANQ<wand B~ 1. Following
the general approach of Appendix C, we write the effective
Hamiltonian and kick operators as

2 iK(1) Fr( 0\ —iK(1) 1 ; e’ —ik(1)
Hep = e WH(1)e "W + o )¢ K (K2)

Since the time-dependent Hamiltonian in Eq. (K1) now
contains a term that is proportional to the frequency w,
the perturbative expansion in Eq. (C6) must be slightly
modified to include a term K% (z):

iiﬁeﬂ, k(r):iinfd")(t). (K3)

Using the expansion formulas in Egs. (C7) and (C8), we
first identify the terms that are proportional to @ in
Eq. (K2), which simply yields

K94 =BG(1), G(t)=w / go)de, (K4)

where we impose that G( ) should have a zero mean value
over one period G(1) = (1/T) fo = 0, as required
for the kick operator in th1s formahsm Then, the first-order
equation reads

AY) = By + Af +i[K©), Hy + Af]
1 . N N
~LROLRO. Ay + A7)
[N N n
- LR, RO, RO, Bty + A

(K5)

where the many terms grouped in the operator 7A€(ZA5’, K (1))
are used to define the next-order term K (1>, which will
absorb the time-periodic terms with zero average. Taking
the time average on both sides of Eq. (K5) finally yields

Hp=exp(iG(t)B){Ho+ Af (1) yexp(—iG(1)B)+ O(1 /).
— B+ 1GFB. X~ GP[B. 5.
LGB B A - L BIB. B4

2 6
[ —— ~

G FIBIB,[B, A+ +0(1/w), (K6)

which provides the effective Hamiltonian to lowest order
in l/w.

We now apply the expression in Eq. (K6) to the a pulse
sequence introduced in Eq. (32):

a. {I:IO +A,H0+B,ﬁO—A,ﬁO—B}. (K7)
The time-dependent Hamiltonian is of the form
H(1) = Hy+ V(1) = Hy + Af(1) + Bg(1).  (K8)

where f(f) and g(¢) are the square-wave functions asso-
ciated with the sequence (K7). Comparing Eq. (K8) with
the notations introduced in Eq. (K1), we note that A = A
and B =B /. Using the square-wave functions, we find

2

__r 2" 1r_
Gf = 8’ 24° G°f=0,
_ . 3
G=0. Gf=-2_,

f="128

Then, substituting :4 — A and wB — B into the formula
(K6) reads

N IT ~ =
Hetf—H0+%[Av ]
2
JT A ~
B
B A BB+ (K9)
768a)3 9 b 9 9

which indeed provides the third-order term announced
in Eq. (G4).
Finally, we consider the smooth single-harmonic driving
H(t)=Hy+ V(1) = Hy+ Acos(wt) + Bsin(wr), (K10)
which approximates the « pulse sequence. In this case,
f(t) = cos(wt) and g(¢) = sin(wt), so that
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- 1 — 1 —

Gf =——, G =—, G*f =0,
S > > f

3 _ 3f 3

G’ =0, Gf——g.

Then, substituting A — A and wB — B into the formula
(K6) reads

(K11)

so that we partially recover the result in Eq. (G3). Indeed,
the present method disregards the terms

[A. Hol. Al [A.[[B. Ho). ],

[B.[[A. Ho. Hol].  [[A.[A.B]].A]  (K12)
at this order of the computation, as it implicitly attributes
different orders to the operators H, ~A and B~ w; see
Eq. (K1). Let us finally illustrate this last aspect based on
the example presented in Sec. VIII A 1, which was based on
the a sequence, and for which we found that the operators
satisfied
Hy~A~Q~k/mo, B~w, Q< w, (KI3)
according to the lowest Landau level characteristics. In this
case, we indeed find that the terms identified by the present
perturbative method and given in Egs. (K9)—(K11) are all
of the same order of Q, whereas the neglected terms in
Eq. (K12) are all of the order Q3 /w? < Q. In particular, this
hierarchy illustrates the manner by which the present
approach (potentially) allows us to partially resum the infinite
series inherent to the formalism of Sec. II A, and hence, to
guarantee the convergence of the perturbative expansion.
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